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31. Summary
The mitotic spindle is a bipolar microtubule-based structure that mediates
proper cell division by segregating the genetic material and by positioning the
cytokinesis cleavage plane. Spindle assembly is a complex process, involving
the modulation of microtubule dynamics, microtubule focusing at spindle
poles and the formation of stable microtubule attachments to chromosomes.
The cellular events leading to spindle formation are highly regulated, and
mitotic kinases have been implicated in many aspects of this process.
However, little is known about their counteracting phosphatases.
A screen for genes required for early embryonic cell divisions in C. elegans
identified rsa-1 (for regulator of spindle assembly 1), a putative Protein
Phosphatase 2A (PP2A) regulatory subunit whose silencing causes defects in
spindle formation. Upon rsa-1(RNAi), spindle poles collapse onto each other
and microtubule amounts are strongly reduced. My thesis work demonstrates
that RSA-1 indeed functions as a PP2A regulatory subunit. RSA-1 associates
with the PP2A enzyme and recruits it to centrosomes. The centrosome
binding of PP2A furthermore requires the new protein RSA-2 as well as the
core centrosomal protein SPD-5 and is based on a hierarchical protein-protein
interaction pathway. When PP2A is lacking at centrosomes after rsa-1(RNAi),
the centrosomal amounts of two critical mitotic effectors, the microtubule
destabilizer KLP-7 and the kinetochore microtubule stabilizer TPXL-1, are
altered. KLP-7 is increased, which may account for the reduction of
microtubule outgrowth from centrosomes in rsa-1(RNAi) embryos. TPXL-1 is
lost from centrosomes, which may explain why spindle poles collapse in the
absence of RSA-1. TPXL-1 physically associates with RSA-1 and RSA-2,
suggesting that it is a direct target of PP2A.
In summary, this work defines the role of a novel PP2A complex in mitotic
spindle assembly and suggests a model for how different microtubule re-
organization steps might be coordinated during spindle formation.
42. Introduction
2.1 Cell division
Cell division is a fundamental biological process that ensures the propagation
of cells of all living organisms. For a successful cell division, all cellular
components required for the survival and proper function of the resulting
daughter cells have to be segregated reliably. This includes nutrients, cell
organelles and, most importantly, the genetic material, which is present in the
form of chromosomes in eukaryotic cells. Cell divisions often occur
asymmetrically, giving rise to daughter cells differing in size, content or both,
which is of particular importance during the development of metazoan
organisms. These unequal cells emerging from an asymmetric cell division are
thereby prepared to undergo distinct fates, e.g. to contribute to different
tissues. To ensure both these fundamental processes, proper inheritance of
genetic material and the precise geometry of asymmetric divisions, dividing
cells build a conserved cytoskeletal structure called the mitotic spindle
(Compton, 2000; Glotzer, 2001).
2.2 The mitotic spindle
The mitotic spindle is a bipolar array composed of chromosomes,
microtubules and accessory proteins. In animal cells, the poles of the spindle
are formed by non-membranous organelles, the centrosomes, which harbor
activities that modulate microtubule behavior. The following description of
the components of the mitotic spindle is restricted to what is known from
animal cells.
2.2.1 Components of the mitotic spindle
a) Microtubules
The building blocks of the mitotic spindle are microtubules, one element of
the cellular cytoskeleton (Desai and Mitchison, 1997; Nogales, 2000).
5Microtubules are non-covalent linear polymers built from heterodimers of a-
and b-tubulin (hereafter referred to as tubulin dimers or tubulin subunits), two
highly conserved GTP-binding proteins. The tubulin dimers associate in a head-
to-tail fashion to form protofilaments, 13 of which associate laterally and in a
parallel manner to build a hollow cylinder of 25 nm width. The head-to-tail
association of tubulin dimers and the parallel arrangement of the
protofilaments confer an intrinsic polarity to the microtubule lattice. One end
of the microtubule exposes the a-subunit of the tubulin heterodimer and is
termed the minus end, whereas the other microtubule end exposes the b-
subunit and is called the plus end. At both ends, tubulin subunits can be
added in the process of microtubule polymerization (or microtubule growth),
and tubulin subunits can be lost during microtubule depolymerization (or
shrinkage). The transition from growth to shrinkage is termed “catastrophe”,
the reverse transition from shrinkage to growth is called “rescue”. The four
parameters of polymerization rate, depolymerization rate, catastrophe rate
and rescue rate are used to describe the dynamic behavior of microtubule
ends.
An intrinsic property of microtubules is their ability to undergo frequent
transitions between polymerization and depolymerization, a behavior known
as dynamic instability. When microtubules are assembled in vitro from purified
tubulin, the two microtubule ends exhibit different dynamic properties, the
plus end being the faster growing one (Desai and Mitchison, 1997). In vivo,
only microtubule plus ends are able to polymerize. The minus end is either
prevented to undergo growth and shrinkage by bound proteins that “cap” the
minus end or it depolymerizes (Dammermann et al., 2003). In cells,
microtubule minus ends normally are close to the centrosomes while plud
ends point away from centrosomes, dynamically exploring the cytoplasm.
Besides minus-end capping proteins, a large number of proteins modulate the
dynamic behavior of microtubule ends in cells (Cassimeris, 1999; Maiato et
al., 2004). The modulations of the parameters of microtubule dynamics are
6essential to microtubule function throughout the cell cycle. During interphase,
microtubule plus ends rarely undergo catastrophes but exhibit phases of
persistent polymerization, and the microtubules are therefore long and stable.
When cells enter mitosis, the plus ends become far more dynamic. They
undergo frequent transitions between growth and shrinkage, which results in
short microtubules that are able to efficiently search the cytoplasm for the
chromosomes that need to be captured by the spindle microtubules (Belmont
et al., 1990). Microtubules capture the DNA molecules via specific
attachment sites on the chromosomes called kinetochores (see below). The
association with a kinetochore stabilizes the microtubule, ensuring the
persistence of this interaction and the stability of the mitotic spindle
(Compton, 2000; Mitchison et al., 1986; Kirschner and Mitchison, 1986).
Those microtubules that form an attachment with kinetochores are called
kinetochore microtubules and are one of three populations of microtubules in
the spindle (figure 1A). The microtubules that point away from the center of
the spindle, towards the cell periphery, are called astral microtubules. Astral
microtubules can come into contact with motors bound to the plasma
membrane. Force generation by these motors, transduced by the astral
microtubules, can contribute to spindle positioning and the physical
segregation of chromosomes. Finally, the microtubules that grow towards the
opposite pole but do not contact the chromosomes are called the interpolar
microtubules. Antiparallel interpolar microtubules can overlap, and molecular
motors that bind overlapping antiparallel microtubules and push them apart
function in separating the spindle poles and in chromosome segregation
(Wittmann et al., 2001; Karsenti and Vernos, 2001). In animal cells, the two
poles of the mitotic spindle are formed by the centrosomes. Centrosomes
contain a number of proteins that modulate microtubule dynamics, motors
that focus and anchor microtubules at the poles, and proteins that regulate
the cell cycle and mitotic spindle assembly (Doxsey et al., 2005). The
centrosome will be described in the following section.
7b) Centrosomes and the pericentriolar material
The centrosome consists of a pair of centrioles surrounded by a tightly
packed, electron-dense protein mass, the pericentriolar material (PCM) (figure
1B). In most cell types, the centrosome assumes a central location in the cell
and is linked to the nuclear envelope via the motor protein dynein and
proteins of the Hook and SUN families (Malone et al., 2003). The centrosome
is duplicated once per cell cycle and each centrosome forms one spindle pole
during mitosis. Thereby, the two daughter cells both inherit a centriole pair
and thus a centrosome template.
The centriole defines the site of PCM assembly and is the crucial structure
that must replicate once per cell cycle, in order for centrosome duplication to
occur. The activities mediating microtubule and spindle function reside mainly
in the PCM and the remainder of this section will therefore be dedicated to
some key components of the pericentriolar material.
g-tubulin ring complexes. Purified tubulin dimers can polymerize to
form microtubules without any accessory factors in vitro if the tubulin dimer
concentration is high. In cells, however, a precise spatio-temporal organization
of microtubules could not be achieved if microtubules formed spontaneously
in the cytoplasm. The tubulin dimer concentration is therefore lower than the
concentration required for spontaneous microtubule assembly and accessory
proteins are required to initiate microtubule growth at the right place and
time. One protein complex known to play a major role in the initiation of
microtubule growth is the g-tubulin ring complex (Wiese and Zheng, 2006; Job
et al., 2003). g-tubulin has sequence similarity to a- and b-tubulin. The protein
is not incorporated into the microtubule lattice, though, but associates with a
number of proteins to form g-tubulin ring complexes. These complexes are
thought to catalyze the formation of microtubules by generating a
microtubule “seed” from tubulin subunits. g-tubulin ring complexes are the
main microtubule-nucleating structures in many cells. They are thought to
function mainly at centrosomes but recent evidence suggests that g-tubulin
8ring complexes also have a critical function in generating microtubules in the
cytoplasm, near the chromatin and within the spindle (Luders et al., 2006).
Furthermore, g-tubulin ring complexes have been implicated in the capping of
microtubule minus ends (Wiese and Zheng, 2000).
Microtubule associated proteins. As mentioned earlier, a number of
microtubule-binding proteins can affect the parameters defining microtubule
dynamic instability. These microtubule associated proteins (MAPs) bind
laterally to the microtubule lattice or act on microtubule plus ends in the
cytoplasm and are often also present at centrosomes. MAPs can act to
stabilize or destabilize microtubule. Two proteins have been mainly implicated
in the regulation of microtubule dynamic instability, the promoter of
microtubule growth XMAP215/Dis1 (Kinoshita et al., 2002) and microtubule
destabilizing kinesins of the kinesin-13 family such as XKCM1/MCAK (Desai et
al., 1999). In vitro, these two proteins restore physiological microtubule
dynamics to purified microtubules (Tournebize et al., 2000; Kinoshita et al.,
2001). XMAP215/Dis1 proteins are present at centrosomes and their role in
microtubule stability and spindle formation has been established in many
systems (Matthews et al., 1998; Cullen et al., 1999; Dionne et al., 2000).
Kinesin-13 proteins have been implicated in the correction of improper
microtubule-chromosome attachments (Kline-Smith et al., 2004) and in
anaphase chromosome separation (Rogers et al., 2004). Interestingly,
kinesin–13 microtubule depolymerases have been found to negatively
regulate microtubule outgrowth from centrosomes in Xenopus laevis egg
extracts and C. elegans embryos (Kinoshita et al., 2005; Srayko et al., 2005).
Another class of microtubule-associated proteins are plus-end binding or tip-
tracking proteins, such as the EB1 or CLIP170 family members. These tip-
tracking proteins only bind to growing plus ends of microtubules. They have
been implicated in the modulation of microtubule dynamics in many systems
(Tirnauer et al., 2000; Rogers et al., 2002).
9Microtubule motors. Microtubule motors are proteins that can move
along microtubules in a directional manner, towards the plus or minus ends, at
the expense of ATP hydrolysis. They can at the same time bind to cargo like
vesicles or other microtubules and transport their cargo along the
microtubule. At the centrosome, motors like dynein and Ncd motors are
involved in anchoring and focusing the microtubules at spindle poles (Sharp et
al., 2000).
The “centromatrix”. A large number of proteins and protein complexes
critical for the function of the microtubule cytoskeleton assemble at the PCM
but how they are recruited and organized is poorly understood. It has been
proposed that large coiled-coil proteins of the PCM could form a matrix-like
scaffold onto which other PCM components can assemble (Palazzo et al.,
2000). Candidates for such centromatrix-component are pericentrin in
vertebrates (Doxsey et al., 1994), centrosomin in Drosphila melanogaster (Li
and Kaufman, 1996), and SPD-5 in C. elegans (Hamill et al., 2002).
c) Chromosomes
The  RanGTP pathway. The faithful segregation o f  duplicated
chromosomes is the main task of the mitotic spindle. The chromosomes,
however, are not just a passive substrate of the mitotic spindle but
contribute to spindle assembly by providing a “positional cue”. The chromatin-
associated guanine nucleotide exchange factor (GEF) RCC1 forms a gradient
of the small G protein Ran in its active GTP-bound state around chromosomes.
RanGTP in turn dissociates complexes of importins with mitotic effector
proteins that are kept sequestered in the nucleus in an inactive state during
interphase. These mitotic effectors can then promote microtubule
stabilization and spindle formation in the vicinity of chromatin. In this way,
spindle assembly is promoted in the immediate surroundings of the
chromosomes (Hetzer et al., 2002; Zheng, 2004). The extent of RanGTP
contribution to spindle assembly differs across systems. In some cell types or
even organisms like Drosophila melanogaster, centrosomes are dispensable
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for spindle formation and the so-called inside out mechanism of RanGTP-
mediated spindle assembly seems to be sufficient for organizing microtubules
into the mitotic spindle (Megraw et al., 2001; Basto et al., 2006). In other
cases, like the early C. elegans embryo, the RanGTP pathway does not appear
to play a major role in spindle formation and centrosomes are essential for
mitosis (Hamill et al.,2002; Oegema and Hyman, 2006).
Kinetochores. The kinetochore is a multiprotein complex that assembles
onto specialized centromeric chromatin and allows the attachment of
microtubules to chromosomes (Rieder and Salmon, 1998; Kline-Smith et al.,
2005). Kinetochores are paired, disc-like structures consisting of at least 60
different proteins even in the yeast Saccharomyces cerevisae, the simplest
model system studied (De Wulf et al., 2003). The paired nature of the
kinetochores at the sister chromatids facilitates the bipolar attachment, i.e.
the attachment of each chromosome to both poles. The bipolar attachment
orients sister kinetochores towards opposite poles, ensuring equal
segregation of the genetic material.
2.2.2 Mitotic Spindle dynamics
Mitotic spindle assembly, chromosome capture, and the segregation of the
genetic material are highly dynamic processes. Still they take place in a very
ordered and reproducible manner. Therefore, different stages of mitosis are
distinguished as follows (figure 1C). When cells enter mitosis, the
chromosomes condense, centrosomes separate and start migrating to
opposite sides of the nuclear envelope. This stage of mitosis is termed
prophase. Once the nuclear envelope has broken down, prometaphase ensues
and microtubules can penetrate the nuclear space and capture chromosomes
via their kinetochores. Chromosomes that have formed bipolar attachments
start congressing towards the center of the spindle. At metaphase all the
chromosomes have aligned in a tight region between the two poles, the
metaphase plate. At anaphase onset, cohesion between the sister chromatids
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is disolved and the sisters are pulled to opposite spindle poles while the
spindle elongates. When anaphase elongation of the spindle ceases,
chromosomes start to decondense and nuclear envelopes reform around the
DNA during telophase. Finally during cytokinesis, the cytoplasm of the two
emerging daughter cells is divided by the ingressing cleavage furrow.
Figure 1. Components of the mitotic spindle and spindle dynamics during the cell cycle.
(A) Structural components of a mitotic spindle.
(B) Schematic view of a centrosome consisting of a centriole pair surrounded by microtubule-nucleating
PCM.
(C) Stages of the cell cycle. During interphase (left), the DNA is decondensed and replicated in S phase;
only one centrosome is present. In mitosis, the duplicated centrosomes separate, chromosomes condense
and the genetic material is segregated by the mitotic spindle. The stages of mitosis are represented as
described in the main text.
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2.2.3 Regulation of microtubules during spindle assembly
Throughout the cell cycle, the distinct processes of spindle assembly and
elongation are tightly regulated by a combination of proteolytic mechanisms
as well as phosphorylation / dephosphorylation reactions (Morgan, 1997;
Zachariae and Nasmyth, 1999; Murray, 2004). The global cell-cycle state is
governed by cyclin-dependent kinases (cdks) bound to their appropriate
cyclins. Cdk1 is a mitosis-specific cdk, that controls a number of mitotic
effectors and has a global impact on cellular microtubule dynamics (Verde et
al., 1990).
Microtubule dynamics are also controlled locally at spindle poles and in the
vicinity of chromatin. Phosphorylation plays a major regulatory role for the
function of many organizers of the microtubule cytoskeleton (Cassimeris,
1999). A key question that remains poorly understood is how protein
phosphorylation is regulated temporally and spatially during spindle assembly.
Phosphorylation states are determined by the balanced activities of kinases
and phosphatases. Mitotic kinases (Nigg, 2001) rely largely on consensus
sequence motifs for substrate recognition. However, kinase activation and
targeting can also occur through specific adaptor proteins. One example is
the RanGTP target TPX2, which mediates activation of Aurora A kinase and its
binding to spindle microtubules (Gruss and Vernos, 2004). Aurora A kinase, in
turn, is required for mitotic centrosome maturation and phosphorylates Eg5, a
motor required for spindle formation, as well as TACC, a microtubule stabilizer
and interactor of XMAP215 (Giet et al., 1999; Kinoshita et al., 2005). Other
examples for adaptor proteins are the chromosomal passenger proteins
INCENP and Survivin, which localize and activate Aurora B kinase. Aurora B
regulates the proper bipolar attachment of microtubules to kinetochores and
is essential for cytokinesis (Carmena and Earnshaw, 2003).
Protein phosphatases, which counteract the activity of kinases, are also
required for correct microtubule organization. Protein Phosphatase 2A
(PP2A), for example, has been implicated in the regulation of microtubule
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dynamics during the cell cycle (Gliksman et al., 1992; Tournebize et al.,
1997), and Protein Phosphatase 4 is required for centrosome maturation and
function (Sumiyoshi et al., 2002). The de-phosphorylation of substrates
during mitosis is presumably as tightly controlled as the corresponding
phosphorylation reactions. However, there are far fewer phosphatases than
kinases present in eukaryotic cells and unlike kinases, most phosphatases do
not appear to target consensus sequence motifs. This implies a more complex
regulation of individual phosphatases, and regulatory subunits are crucial for
the activity as well as the specificity of phosphatases (Faux and Scott, 1996;
Dagda et al., 2003; Arnold and Sears, 2006). Protein Phosphatase 2A
(PP2A), for instance, forms heterotrimeric complexes consisting of a catalytic
C-subunit and a structural A-subunit (the core heterodimer) and a variable
regulatory B-subunit. The association of the core heterodimer with different
B-subunits can modulate phosphatase activity, localization or substrate
specificity (Janssens and Goris, 2001). How regulatory subunits determine
phosphatase function during mitosis and how they themselves are regulated
is poorly understood.
2.3 The C. elegans embryo as a model system to study mitosis
The C. elegans embryo has been used for more than 20 years to study cell
division because of its excellent properties for microscopic observation, its
genetic tractability and the highly stereotypical progression of embryonic
divisions (for a review see Oegema and Hyman, 2006). The sequencing of the
C. elegans genome (The C. elegans sequencing consortium, 1998), methods
for stably expressing transgenic proteins in the germline (Praitis et al., 2001)
and particularly the advent of RNA-mediated interference (RNAi) (Fire et al.,
1998) have provided powerful new tools for the investigation of cell division
and mitotic spindle assembly. These technical advances have led to a boost
of interest and of knowledge about the process of the early divisions in the
worm embryo. In the following sections, some critical properties of the
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C.!elegans embryo and approaches to identify the protein machinery for early
embryonic divisions will be introduced and the current knowledge of spindle
assembly in C. elegans embryos will be summarized.
2.3.1 Features of the C. elegans embryo and identification of
mitotic effectors
The nematode C. elegans is a self-fertilizing hermaphrodite. Therefore, it is
possible to obtain a population of isogenic individuals, all descendants from
one single parent. One hermaphrodite produces approximately 300 embryos
by self-fertilization and fertilized embryos are constantly produced in the
worm over several days. They are provided with all the necessary components
for the first cell divisions from the cytoplasm of the hermaphrodite syncytial
gonad that is packaged into the forming oocytes. The fertilized eggs,
protected by an impermeable eggshell, are constantly laid by the mother. This
continuous packaging of parental cytoplasm into new oocytes leads to an
efficient depletion of maternal proteins from the gonad once protein
expression is silenced by RNAi. Therefore, RNAi-mediated depletion of target
proteins from embryos occurs reproducibly for different proteins and does
not depend on the half-life of the remaining protein at the time of dsRNA
introduction, making RNAi a very reliable and efficient method in the C.
elegans embryo (Oegema and Hyman, 2006). One-cell stage embryos develop
normally outside of the mother, and can be isolated from the mother by
dissecting the worm. The embryo is approximately 50 mm by 30 mm in size
and transparent so that the course of cell division can easily be followed live
using DIC video microscopy. Moreover, mitotic checkpoints are very weak in
the C. elegans embryo, which often leads to progression through mitosis even
if the spindle is highly defective (Encalada et al., 2005). Thus, the mechanical
consequences of depletion of spindle assembly proteins can be observed. The
ease of RNAi-mediated protein depletion and the invariance of the embryonic
divisions have prompted several labs to perform genome-wide RNAi screens in
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order to identify proteins required for embryonic viability (Maeda et al., 2001;
Kamath et al., 2003; Sonnichsen et al., 2005). One of these screens was
performed in the Hyman Lab in collaboration with Cenix Biosciences. In this
screen, the first two cell divisions of the early embryo were assayed by DIC
video-microscopy for all RNAi conditions that lead to embryonic lethality. Out
of roughly 2100 genes required for embryonic viability, 660 genes were
required for a proper first cell division. The defects observed could be
assigned to distinct processes of the cell cycle, and 21 genes were found to
be specifically required for mitotic spindle assembly (Sonnichsen et al.,
2005).
2.3.2 Mitotic spindle assembly in C. elegans embryos
a) The course of mitosis in C. elegans embryos
As should be expected for a fundamental cellular process, the basic principles
of mitotic spindle assembly are very well conserved across species. However,
some aspects of mitosis are specific to C. elegans, which is in part a
consequence of the embryonic nature of these divisions. Therefore, in the
following I will give a brief account of mitosis and spindle assembly in
C.!elegans embryos (figure 2).
Prior to fertilization, the C. elegans oocyte is arrested in meiotic prophase.
Completion of the oocyte meiotic divisions is triggered by sperm entry. The
site of sperm entry will be the future posterior of the embryo, which is
typically opposite to where the oocyte chromatin is located. The meiotic
divisions are accomplished by a small acentrosomal spindle, which stays in the
vicinity of the embryonic cortex. During each of the two rounds of meiotic
chromosome segregation one polar body is extruded. After meiosis is
completed, nuclear envelopes form around the oocyte and sperm chromatin,
giving rise to the female and male pronuclei. Oocytes do not contain
centrioles as they have been degraded during oogenesis. The sperm
contributes a pair of centrioles to the zygote. The centrioles stay attached to
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the male pronuclear envelope and mature into functional centrosomes by
accumulating PCM proteins from the embryonic cytoplasm. Concomitantly,
the two pronuclei move towards each other, meet in the posterior of the
embryo and then migrate together to the center of the embryo. The nucleo-
centrosomal complex rotates to align the two centrosomes with the long axis
of the embryo, nuclear envelopes break down and the mitotic spindle is
formed. During anaphase the spindle poles are separated by cortical pulling
forces and chromosomes become segregated. Both spindle poles undergo
oscillatory movements (“spindle rocking”) later in anaphase. These
movements appear to be related to the proper positioning of the spindle
towards the embryo posterior (Pecreaux et al., 2006). Finally, the cytokinesis
furrow bisects the spindle, generating a larger anterior daughter cell and a
smaller posterior daughter cell.
b) Effectors of C. elegans mitotic spindle assembly
Standard forward genetic approaches as well as reverse RNAi-screens have
led to the identification of a number of mitotic players in C. elegans (reviewed
in Oegema and Hyman, 2006). As a first step, the centrioles provided by the
sperm need to accumulate the microtubule-regulating and –organizing
proteins of the pericentriolar material. The protein SPD-5 (for Spindle
defective) has been mainly implicated in the initial accumulation of PCM in
C.!elegans (Hamill et al., 2002). All centrosomal proteins tested so far
require SPD-5 for their centrosomal localization. SPD-5 does not have obvious
homologues based on sequence similarity but is predicted to consist mainly of
coiled-coil regions. SPD-5 is therefore thought to function as a centromatrix
protein. Interestingly, mitotic spindles do not assemble in mutants of spd-5
(Hamill et al., 2002), indicating that centrosomes are essential for spindle
formation in C. elegans embryos in contrast to many other cell types. The full
mitotic maturation of C. elegans centrosomes requires the SPD-2 protein and
the Aurora A kinase homologue AIR-1. In the absence of both, microtubule
accumulation at centrosomes is strongly impaired because g-tubulin and other
17
Figure 2. The stages of mitosis as observed in a one-cell stage C. elegans embryo expressing GFP-tagged
histone labeling chromosomes and GFP-tagged b-tubulin labeling the microtubules. By convention, the
embryo is displayed with the anterior to the left and the posterior to the right.
The Scale bar corresponds to 10 mm.
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PCM components are only present in very reduced amounts. After nuclear
envelope breakdown, the centrosomes collapse onto each other and no
spindle is formed in air–1(RNAi) and spd–2(RNAi) embryos (Hannak et al.,
2001; Kemp et al., 2004; Pelletier et al., 2004). AIR-1 affects several
pathways in spindle assembly, as has become clear from the analysis of its
activator TPXL-1, the homologue of vertebrate TPX-2. TPXL-1 localizes AIR-1
to spindle microtubules and stimulates its kinase activity. In tpxl-1(RNAi),
spindle poles collapse after nuclear envelope breakdown. However,
centrosomes mature normally, microtubules attach to kinetochores and
spindle elongation is rescued at anaphase (Ozlu et al., 2005). Therefore,
TPXL-1 controls one distinct aspect of AIR-1 functions in the early embryo.
Critical components of the PCM are g-tubulin and its associated g-tubulin-
complex protein GIP-1. Both are essential for mitotic spindle assembly
(Hannak et al., 2002). Persistent growth of microtubules away from
centrosomes and therefore proper spindle length and positioning requires a
complex of ZYG-9 and TAC-1, the worm homologues of XMAP215 and TACC
(Matthews et al., 1998; Bellanger et al., 2003; Srayko et al., 2003; Le Bot et
al., 2003). The only C.!elegans kinesin-13 protein KLP-7 is also required for
proper spindle assembly. At the centrosome, KLP-7 reduces the number of
microtubules emerging (Srayko et al., 2005). In klp–7(RNAi), spindle poles
elongate more abruptly than in wild-type, suggesting that the protein
contributes to the stability of the spindle midzone, which enables the spindle
to resist anaphase tension, or reduces cortical pulling forces (Grill et al,
2001). KLP-7 also has a role in the oocyte meiotic divisions. Defective
meiosis upon klp-7(RNAi) leads to abnormally large polar bodies, which allows
to easily score efficient depletion of the protein from C. elegans embryos.
Table 1 lists some of the essential players in C. elegans spindle assembly.
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Table 1. Centrosomal effectors of C. elegans mitotic spindle assembly.
This is not a comprehensive list of all known spindle assembly proteins in
C.!elegans (see Oegema and Hyman, 2006, for a complete summary) but
lists those proteins that will be discussed in the following sections.
C. elegans
protein
Homologues
in other
species
Function of
C. elegans protein
Reference
SPD-5 ? Assembly of PCM Hamill et al., 2002;
Damermann et al.,
2004
ZYG-9 XMAP215,
ch-TOG
Rapid microtubule
growth; Proper
microtubule length
Srayko et al., 2003;
Bellanger and Gonczy,
2003;
Le Bot et al., 2003;
Srayko et al., 2005
AIR-1 Aurora A
kinase, Ipl1
Centrosome maturation;
Spindle assembly;
Polarity establishment
Schumacher et al.,
1998;
Hannak et al., 2001
TPXL-1 TPX2 Spindle assembly,
stability of kinetochore
microtubules;
Recruitment of AIR-1 to
spindle microtubules
Ozlu et al., 2005
KLP-7 MCAK,
XKCM1
Spindle elongation;
Control of microtubule
emergence from
centrosomes
Oegema et al., 2001;
Grill et al., 2001;
Srayko et al., 2005
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2.4 Goal of my thesis
The C. elegans embryo has proven very fruitful for the identification of
proteins required for early cell divisions and mitotic spindle assembly. A
number of (frequently conserved) proteins have already been described and
characterized. By studying the novel protein RSA-1, which is essential for
spindle assembly, I aimed at not only expanding the framework of known
mitotic effectors but also at understanding the functions of RSA-1 and its
associated proteins on a molecular level. In the following section I will
therefore start by presenting a phenotypic study on the functions of RSA-1
using different mitotic markers and quantitative assays. I then describe the
identification of RSA-1-associated proteins (the RSA complex) and their
assembly hierarchy onto centrosomes. Lastly, a yeast-two-hybrid screen for
interactors of a new component of the RSA complex suggests direct
interactions between the members of this complex.
Most importantly, the finding that RSA-1 acts as a Protein Phosphatase 2A
(PP2A) regulatory subunit provided a unique opportunity to study the
involvement of a phosphatase in spindle assembly. The identification of a
distinct centrosomal subcomplex of PP2A allowed me to explore specifically
the regulation and function of this phosphatase in spindle formation.
Phenotypic comparisons and immunoprecipitation experiments furthermore
enabled the identification of known mitotic effectors as potential targets of
the phosphatase.
This work establishes a new regulatory pathway for spindle assembly in
C.!elegans and defines for the first time the function of a centrosomal
phosphatase complex in mitotic spindle assembly.
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3. Results
3.1 Identification and phenotypic characterization of RSA-1
In order to identify components of the machinery required for early mitotic
cell divisions in C. elegans embryos, a genome-wide, DIC-video-microscopy
based RNA interference (RNAi) screen was previously performed (Sonnichsen
et al., 2005). In the course of this screen, the uncharacterized gene C25A1.9
was identified because its silencing resulted in a dramatic spindle assembly
defect. C25A1.9 encodes a 404 amino-acid protein with sequence similarity
to Protein Phosphatase 2A regulatory B-subunits (see section 3.2). Based on
its RNAi phenotype and a likely regulatory function, we termed this gene
rsa–1, for regulator of spindle assembly.
In this first part of the results section, the in-depth characterization of the
rsa–1(RNAi) phenotype and preliminary conclusions on the role of RSA-1 in
spindle assembly will be described.
3.1.1 RSA-1 is required for spindle stability and normal levels of
microtubules at centrosomes
The rsa-1(RNAi) phenotype was analyzed in more detail by following the first
cell division in C. elegans embryos expressing GFP-tagged b-tubulin. This
allowed a direct observation of microtubules and mitotic spindle assembly.
Using this assay, I found that in rsa-1(RNAi) embryos, centrosomal
microtubule levels were reduced and centrosomes collapsed onto chromatin
after nuclear envelope breakdown (NEBD) but separated again at anaphase
(figure 3A and movie 1).
In order to more quantitatively describe the phenotypes observed in embryos
depleted of RSA-1, I first quantified microtubule levels at the centrosomes of
wild-type and rsa-1(RNAi) embryos by measuring centrosomal fluorescence
intensities. Only about 20% of the normal centrosomal microtubule amounts
were present in RSA-1 depleted embryos before nuclear envelope
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Figure 3. Spindle assembly fails in C. elegans embryos depleted of RSA-1.
(A) Still images from spinning disk confocal time-lapse recordings of wild-type (left column) and
rsa–1(RNAi) (right column) one-cell stage C. elegans embryos expressing GFP::b-tubulin. Time points are
relative to nuclear envelope breakdown (NEBD=0 seconds). Scale bars are 10 mm; inset scale bars are
1!mm. See movie 1.
(B) Quantification of centrosomal GFP::b-tubulin fluorescence from single frames of time-lapse recordings
as in (A). Fluorescence intensity values are shown as (mean ± standard error of the mean) for wild-type
(green diamonds) and rsa–1(RNAi) embryos (red circles).
(C) Measurement of pole-to-pole distances over time during spindle formation from single frames of time-
lapse recordings as in (A). Measurements from three wild-type (WT) embryos (green and blue diamonds)
and three rsa-1(RNAi) embryos (red and orange circles) are shown.
(D) Microtubules contacting the chromatin form in the absence of RSA-1. The 3D model shows a half
spindle in anaphase. The partial reconstruction was computed from a 3 x 1 montage. The 3D model shows
the boundaries of chromosomes (green) and the position of spindle microtubules (red and white lines).
Microtubules that ended on the chromosomes were defined as kinetochore microtubules (white). Scale bar:
1!µm.
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breakdown (NEBD). These amounts increased to about 40% of wild type
within approximately two minutes after NEBD (figure 3B). The increase in
centrosomal microtubules after NEBD seemed to be mainly due to a non-
uniform accumulation of tubulin “patches” on the chromatin-facing side of
centrosomes in rsa-1(RNAi) embryos (see insets in figure 3A), the origin of
which remains to be elucidated.
Secondly, centrosome-to-centrosome distances were measured over the
course of spindle assembly in wild-type and rsa-1(RNAi) embryos.
Centrosomes in wild type and rsa-1(RNAi) embryos were similarly separated
by about 11 mm before NEBD. This distance remained relatively constant in
wild-type embryos directly after NEBD and increased to approximately 22 mm
in the course of anaphase. In rsa-1(RNAi) embryos, however, the centrosomes
moved towards each other after NEBD and their separation decreased to 4 –
6 m m during this inward movement. The centrosomes persisted in the
collapsed state for about one minute and afterwards separated to roughly
50% of the length of a wild-type anaphase spindle, most likely by the action
of anaphase cortical pulling forces (figure 3C).
In collaboration with Thomas Müller-Reichert and Quentin de Robillard (MPI-
CBG) electron-microscope tomography was used to investigate the structure
of the collapsed spindles in more detail. Three-dimensional modeling of
tomographic sections from rsa-1(RNAi) embryos with collapsed spindles
showed that microtubules still contacted the chromatin (figure 3D),
suggesting that these spindles are otherwise intact and that kinetochore
microtubules form but are less stable than in wild-type spindles.
Therefore, RSA-1 is required for normal microtubule amounts at C. elegans
embryonic centrosomes and for spindle stability by promoting proper
kinetochore microtubule length.
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3.1.2 TPXL-1 is specifically missing at rsa-1(RNAi) centrosomes
while other centrosomal components are present
Next, I wanted to address whether the defects in centrosomal microtubules
and in spindle formation in rsa-1(RNAi) embryos were caused by a lack of
centrosomal proteins mediating spindle assembly or microtubule functions.
The main microtubule nucleator in C. elegans embryos, g-tubulin, still localized
to centrosomes in rsa-1(RNAi) embryos as evidenced by immunofluorescence.
Moreover, no increase of g-tubulin at the sites of microtubule patche
formation at rsa-1(RNAi) centrosomes was observed (figure 4A). In order to
more reliably determine the amounts of centrosomal g-tubulin, I followed the
course of spindle assembly in wild-type and rsa-1(RNAi) embryos expressing
GFP-tagged g-tubulin, and quantified centrosomal g-tubulin levels from
fluorescence measurements (figure 4B, C). This analysis indicated that the
centrosomal amounts of g-tubulin in wild-type and rsa-1(RNAi) embryos were
not significantly different, suggesting that the reduction of microtubules was
not a result of reduced g-tubulin at centrosomes. At this point, it cannot be
ruled out that g-tubulin, although present in wild-type amounts, is not capable
of promoting normal microtubule nucleation in rsa-1(RNAi) embryos, leading
to the lack of centrosomal microtubules observed in these embryos.
To further evaluate the general state of the centrosome in rsa-1(RNAi)
embryos, I examined two additional markers, the microtubule stabilizer ZYG-9,
the worm homologue of XMAP215, and the Aurora kinase AIR-1. Both proteins
were found to localize to centrosomes in embryos depleted of RSA-1,
although in slightly reduced amounts (figure 4D, E). These results indicated
that the lack of microtubules in rsa-1(RNAi) embryos was caused by a specific
defect in centrosome function rather than by insufficient recruitment of
pericentriolar material or centrosome maturation. The only protein
significantly reduced at centrosomes after rsa-1(RNAi) was TPXL-1, the
C.!elegans  homologue  of TPX2  (figure 4F).  Lack of TPXL-1  at  rsa-1(RNAi)
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Figure 4. Proteins of the pericentriolar material assemble onto centrosomes in rsa-1(RNAi) embryos.
(A) g-tubulin localizes normally in rsa-1(RNAi) embryos. Wild-type and rsa-1(RNAi) embryos were fixed and
stained for DNA (blue), microtubules (green) and g-tubulin (red). Z-stack projections are shown.
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centrosomes might account for the reduction of centrosomal AIR-1, as AIR-1
is also slightly reduced at centrosomes after depletion of its activator TPXL-1
(Ozlu et al., 2005). TPXL-1, on the other hand, is a microtubule-associated
protein (MAP) and its association with centrosomes might require
microtubules. TPXL-1 binding to centrosomes might thus be indirectly
affected by the low microtubule amounts in rsa-1(RNAi). Therefore, it cannot
be concluded at this stage whether reduced TPXL-1 levels upon rsa-1(RNAi)
are a direct consequence of the lack of RSA-1 or whether TPXL-1 cannot bind
to centrosomes because centrosomal microtubules are so dramatically
reduced upon rsa-1(RNAi) (see figure 3A, B). The spindle instability in rsa-
1(RNAi) embryos, however, is reminiscent of the tpxl-1(RNAi) phenotype. In a
recent genome-wide RNAi screen, only the silencing of the rsa-1 and tpxl-1
genes gave rise to this peculiar spindle-collapse phenotype (Sonnichsen et al.,
2005). In addition, electron-microscope tomography of collapsed spindles in
tpxl-1(RNAi) embryos also revealed shorter kinetochore microtubules (Ozlu et
al., 2005) similar to rsa-1(RNAi) spindles (figure 3D).
In conclusion, RSA-1 is not required for the general integrity of the
pericentriolar material. TPXL-1 is the only known centrosome component that
is markedly reduced after rsa-1(RNAi) and the depletion phenotype of RSA-1
comprises the depletion phenotype of TPXL-1.
Figure 4. continued
(B) Still images of a time lapse series of wild-type (left panels) and rsa-1(RNAi) (right panels) embryos
expressing GFP::g-tubulin.
(C) Quantification of centrosomal GFP::g-tubulin fluorescence from single frames of time-lapse recordings
as in (B). Fluorescence intensity values are shown as (mean ± standard error of the mean) for wild type
(green diamonds) and rsa–1(RNAi) (red circles).
(D) Wild-type and rsa-1(RNAi) embryos were stained for DNA (blue), RSA-1 (green), ZYG-9 (red) and
microtubules (green in right panels). Three-dimensional wide-field datasets were computationally
deconvolved and projected.
(E) Still images of a time lapse series of wild-type (left panels) and rsa-1(RNAi) (right panels) embryos
expressing GFP::AIR-1. AIR-1 localizes to centrosomes in the absence of RSA-1. However, AIR-1 binding to
microtubules is impaired. Only one centrosome is in focus in the 0-seconds panel of the rsa-1(RNAi)
embryo.
(F) Still images of a time lapse series of wild-type (left panels) and rsa-1(RNAi) (right panels) embryos
expressing GFP::TPXL-1. TPXL-1 levels at centrosomes (arrows) are significantly reduced in RSA-1 depleted
embryos.
(A), (B), (D), (E), (F) Scale bars are 10 mm. Inset scale bars are 1 mm. (B), (E) and (F) Time points
indicated are seconds relative to NEBD.
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3.1.3 Microtubule outgrowth from centrosomes is reduced in a
KLP–7-dependent manner in rsa-1(RNAi) embryos
Although a spindle pole collapse can be observed after depletion of either
TPXL–1 or RSA–1, the two RNAi phenotypes are not identical overall.
tpxl–1(RNAi) results in a 40%-50% reduction of centrosomal microtubules
(Ozlu et al., 2005), whereas rsa-1(RNAi) causes an up-to 80% reduction of
centrosomal microtubules (figure 3B). Moreover, in tpxl-1(RNAi) embryos, the
appearance of microtubule plus ends from centrosomes (hereinafter referred
to as microtubule outgrowth rate) is identical to the wild-type rate. This rate
was determined from the analysis of embryos expressing a GFP-labeled form
of the microtubule plus-end binding protein EBP-2, a homologue of vertebrate
EB1 (Srayko et al., 2005). EBP-2::GFP specifically binds to the growing ends
of microtubules and an algorithm has been developed by Martin Srayko in our
lab to reliably track and quantify the number and motion of fluorescent
EBP–2::GFP dots in C. elegans embryos (Srayko et al., 2005). Imaging of
EBP–2::GFP embryos revealed that upon rsa-1(RNAi), the rate of microtubule
outgrowth from centrosomes is substantially reduced (figure 5 and movie 2).
Using the quantitative algorithm, the microtubule outgrowth rate in rsa-
1(RNAi) has been measured previously to be 25% of the wild-type rate
(Srayko et al., 2005) contrasting with the normal outgrowth of microtubules
in tpxl-1(RNAi) embryos.
As centrosomes appeared to assemble normally in rsa-1(RNAi) embryos, an
alternative explanation for the lack of microtubules in these embryos would
be that the microtubule nucleation capacity of these centrosomes is intact
but that microtubules are prevented to grow away from the centrosome. The
microtubule depolymerizing kinesin KLP-7 has been proposed to represent an
activity that limits the number of outgrowing microtubules from C. elegans
centrosomes. Using the EBP–2::GFP assay, klp–7(RNAi) resulted in a doubling
of the number of microtubule plus ends emanating from centrosomes (figure
5 and Srayko et al., 2005), suggesting that KLP-7 normally destabilizes 50%
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Figure 5. Defective microtubule outgrowth from centrosomes in rsa-1(RNAi) embryos can be overcome
by co-depletion of KLP-7.
Single frames (top set of panels) and stack projections (bottom set of panels) from stream acquisitions of
EBP-2::GFP expressing wild-type, rsa-1(RNAi), klp-7(RNAi) and double depleted rsa-1(RNAi); klp-7(RNAi)
embryos at metaphase are shown. Scale bars are 10 mm. See also movie 2.
of the nucleated microtubules, preventing their outgrowth. One hypothesis
was therefore that RSA-1 normally down-regulates KLP-7 and that KLP-7
would depolymerize microtubules excessively upon rsa-1(RNAi). In order to
examine whether hyperactive KLP-7 might be causing the microtubule
outgrowth defect in rsa-1(RNAi) embryos, I co-depleted RSA-1 and KLP-7
from EBP-2::GFP expressing embryos. Indeed, in double depleted embryos,
microtubule outgrowth was restored (figure 5 and movie 2), demonstrating
that microtubule instability after rsa-1(RNAi) depended on the presence of
KLP-7.
3.1.4 Co-depletion of KLP-7 in rsa-1(RNAi) rescues centrosomal
microtubule amounts but not spindle instability
Having observed that microtubule outgrowth in rsa-1(RNAi) embryos can be
restored by co-depletion of KLP-7, I next examined microtubule levels and
spindle assembly in  rsa-1(RNAi); klp-7(RNAi) embryos. When both RSA-1 and
KLP-7 were depleted from embryos expressing GFP::b-tubulin, centrosomal
microtubule levels were restored as expected (figure 6A, B and movie 3).
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Figure 6 . Microtubule reduction in rsa-1(RNAi) can be rescued by co-depletion of the microtubule
depolymerizing kinesin KLP-7.
(A) Still images of time-lapse series of GFP::b-tubulin expressing embryos of wild type, klp-7(RNAi) and
rsa–1(RNAi) single depletions, and of a rsa-1(RNAi); klp-7(RNAi) double depletion. Aspects of both single
depletion phenotypes are observable in the double RNAi experiment: spindle collapse marking rsa-1(RNAi)
and enlarged polar bodies (arrowheads) indicating efficient removal of KLP-7. Double RNAi experiments
were controlled by dilution of single dsRNAs with an unspecific dsRNA. See also movie 3.
Scale bars are 10 mm; inset scale bars are 1 mm. Time points indicated are seconds relative to NEBD.
(B) Quantification of centrosomal GFP::b-tubulin fluorescence from single frames of time-lapse recordings
as in (A). Measurements are displayed as (mean values ± SEM) for wild type embryos (green diamonds),
klp-7(RNAi) embryos (blue squares) and rsa-1(RNAi); klp-7(RNAi) double RNAi embryos (red circles).
Microtubule amounts for RSA-1 single depletion could not be quantified in this experiment as exposure
times had to be decreased to avoid overexposure of the brighter klp-7(RNAi) centrosomes, so that
rsa–1(RNAi) centrosomes were too dim for quantifications. See figure 3B for a comparison of rsa-1(RNAi)
and wild-type microtubule amounts.
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Spindle poles, however, still collapsed onto each other after NEBD, suggesting
that spindle instability did not originate from the lack of microtubules (figure
6A).The co-depletion results also demonstrate that the microtubule
nucleation capacity of centrosomes in rsa-1(RNAi) embryos is still intact and
that g-tubulin most likely functions normally. The balance of RSA-1 and KLP-7
therefore appears to regulate a step in microtubule generation following
nucleation but preceding microtubule growth away from the centrosome.
3.1.5 Centrosomal amounts of KLP-7 are limited by RSA-1
In principle, RSA-1 could downregulate KLP-7 in order to promote microtubule
outgrowth in two ways: by directly decreasing the catalytic activity of the
microtubule depolymerase or by controlling KLP-7 amounts at centrosomes. I
addressed the latter possibility by generating a worm strain expressing GFP-
tagged KLP-7 and determining the centrosomal amounts of the protein in the
presence or absence of RSA-1. GFP::KLP-7 localized to centrosomes and
kinetochores in agreement with the staining pattern that had been observed
for the endogenous protein by immunolabeling (figure 7A, movie 4 and
Oegema et al., 2001).  In rsa-1(RNAi) embryos,  a 1.6 to 1.8 fold  increase  in
Figure 7. Centrosomal levels of KLP-7 are increased in rsa-1(RNAi).
(A) Still images of time-lapse series of wild-type and rsa-1(RNAi) embryos expressing GFP::KLP-7. Scale
bars are 10 mm. Inset scale bars are 1 mm. Times indicated are seconds relative to NEBD. See also movie 4.
(B) Quantification of centrosomal GFP::KLP-7 fluorescence in wild-type embryos (green diamonds) and
rsa–1(RNAi) embryos (red circles) from single frames of time-lapse recordings as in (A). Values are (mean
± SEM).
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centrosomal KLP-7 levels was observed (figure 7B), supporting the idea that
RSA-1 contributes to sufficient microtubule outgrowth by restricting the
amounts of the microtubule destabilizer KLP-7 at centrosomes.
3.1.6 TPXL-1 requires RSA-1 to localize to centrosomes even in
the presence of normal microtubule amounts
The finding that embryos depleted of both, RSA-1 and KLP-7 exhibit normal
amounts of centrosomal microtubules was next employed as a tool to
separate the microtubule outgrowth defect in rsa-1(RNAi) embryos from
other effects of RSA-1 depletion and to ask whether TPXL-1 binding to
centrosomes depends directly on RSA-1 (see figure 4F). To this end, RSA-1
and KLP-7 were co-depleted from TPLX-1::GFP-expressing embryos and
centrosomal amounts of TPXL-1 were quantified. TPXL-1 levels at
centrosomes of rsa-1(RNAi); klp–7(RNAi) embryos were reduced comparably
to rsa-1(RNAi) centrosomes (figure 8A, B and movie 5) despite the former
having normal microtubule amounts at centrosomes (figure 6). This is in
agreement   with   the   observation   that   spindle   poles   still   collapse   in
Figure 8. RSA-1 is required for the centrosomal localization of TPXL-1.
(A) Still images taken from time lapse series of wild-type and rsa-1(RNAi); klp-7(RNAi) double depletion
embryos expressing TPXL-1::GFP. Paired fluorescence and DIC images are shown. Arrows indicate the
positions of the centrosomes in rsa-1(RNAi); klp-7(RNAi). Successful depletion of KLP-7 is indicated by an
enlarged polar body (arrowhead). Time points are relative to NEBD. Scale bars are 10mm. Inset scale bars
are 1 mm. See movie 5.
(B) Quantification of centrosomal TPXL-1::GFP amounts from single frames of time lapse recordings as
shown in (A). (Mean values ± SEM) are shown for wild-type (green diamonds) and rsa-1(RNAi); klp-7(RNAi)
centrosomes (red circles).
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rsa-1(RNAi); klp-7(RNAi) double depleted embryos and supports the idea that
spindle instability in RSA-1 depleted embryos is a consequence of lack of
TPXL-1 at their centrosomes.
3.1.7 Summary of the phenotypic studies on RSA-1
The work described so far established that the previously unchracterized
RSA–1 protein is required for two separable centrosomal pathways in spindle
formation: 1) the promotion of microtubule outgrowth from centrosomes in a
process downstream of g-tubulin-mediated nucleation and 2) the stability of
kinetochore microtubules. RSA-1 enhances microtubule outgrowth by
restricting the centrosomal binding of a microtubule destabilizer, the
kinesin–13 protein KLP-7. At the same time, RSA-1 facilitates kinetochore
microtubule stability by recruiting a known regulator of spindle assembly to
centrosomes, the Aurora A kinase activator TPXL-1. RSA-1 thereby is
involved in the regulation of these two pathways by controlling the
localization of two critical effector proteins that mediate these pathways
(figure 9).
Figure 9. RSA-1 is involved in the regulation of two separate pathways in spindle formation.
By limiting KLP-7 levels at centrosomes, normal microtubule outgrowth is ensured (left part), by localizing
TPXL-1 to centrosomes, kinetochore microtubules are stabilized (right part).
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3.2 Functional studies on RSA-1 and the RSA complex
Having established a critical requirement of the protein in C. elegans spindle
assembly, I next pursued the molecular basis for the mitotic functions of
RSA–1. To this end, studies on RSA-1 localization and interaction partners
were performed, which will be described in this second part of the results
section.
3.2.1 RSA-1 is a centrosomal protein
To study the subcellular localization of RSA-1, an antibody was raised against
the protein and a C. elegans line was established that expressed RSA-1 fused
to GFP.
The antibody was first tested in Western blots on whole worm extracts. The
anti-RSA-1 antibody detected a double band at the expected molecular
weight of approximately 47 kDa. Only the upper band of the doublet was
decreased in intensity in rsa-1(RNAi) embryos indicating that this band
represented the RSA-1 protein (figure 10A).
I next used the anti-RSA-1 antibody for immunofluorescence stainings of one-
cell stage C. elegans embryos. Embryos were co-stained for RSA-1 and
microtubules as well as several centrosomal proteins. The anti-RSA-1 antibody
labeled a centrosomal region slightly peripheral to g-tubulin and SPD-5 but
more restricted than TPXL-1 staining. For the markers tested, RSA-1 location
most closely resembled that of KLP-7 localization at centrosomes (figure
10B). This centrosomal staining of the antibody was specific as it was greatly
reduced upon rsa-1(RNAi) (figure 10B, bottom panel).
In order to confirm the subcellular location of RSA-1, I generated a transgenic
line expressing GFP::RSA-1 and observed the fusion protein in live embryos
using confocal fluorescence microscopy. The GFP-marked protein was found
at C.!elegans centrosomes and accumulated there over the course of the cell
cycle (figure 10C).
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Figure 10. RSA-1 is located at centrosomes
(A) Western blot on extracts of wild-type and rsa-1(RNAi) worms using the anti-RSA-1 antibody. The
antibody detects a doublet at the expected size of RSA-1. Only the upper band of the doublet (arrow) is
sensitive to RNAi treatment. A dilution series of the wild-type input is shown to assess the level of
reduction of the protein after rsa-1(RNAi).
(B) Wild-type C. elegans embryos (top 5 sets of panels) or rsa-1(RNAi) (bottom) embryos were fixed and
immunostained for RSA-1 (green in merged panels) with the anti-RSA-1 antibody. The wild-type embryos
were co-immunostained for different centrosomal markers (red in merged panels) as displayed. rsa-1(RNAi)
embryos were co-stained for microtubules. Z-stacks through the entire spindle were acquired,
computationally deconvolved and projected.
(C) Still images from a time-lapse series of embryos expressing GFP::RSA-1. The GFP-fusion protein
localizes to centrosomes. Time points indicated are seconds relative to NEBD.
(B) and (C) Scale bars are 10 mm; inset scale bars are 1 mm.
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These results established RSA-1 as a centrosomal protein and provided the
anti-RSA-1 antibody as a useful reagent to further study RSA-1 behaviour.
Moreover, I confirmed that RSA-1 was efficiently depleted upon rsa-1(RNAi).
3.2.2 RSA-1 has sequence similarity to Protein Phosphatase 2A
regulatory B-subunits
To gain insight into the molecular function of RSA-1, a bioinformatic analysis
was carried out with the help of Bianca Habermann (MPI-CBG). The RSA-1
protein sequence was found to exhibit similarity to B-type regulatory subunits
of Protein Phosphatase 2A (PP2A) (figure 11). PP2A regulatory B subunits
belong to one of at least three groups, the B-, B’- or B’’-families (Janssens
and Goris, 2001) and RSA-1 is a member of the B’’-group. Our analysis
indicated that the B’’ subunits can be grouped into two classes based on
sequence conservation: the PR48/PR130 and the TON2 subfamilies. RSA-1 is
most closely related to B’’ subunits of the TON2 subfamily (figure 11).
Interestingly, the Arabidopsis thaliana B’’ PP2A subunit TON2 has been
implicated in aspects of microtubule cytoskeleton organization (Camilleri et
al., 2002), consistent with this classification.
3.2.3 RSA-1 associates with a Protein Phosphatase 2A core
heterodimer
I next wanted to test whether RSA-1 indeed functions as PP2A regulatory
subunit and therefore first aimed at testing whether RSA-1 associated with a
PP2A core heterodimer consisting of the catalytic (C) subunit and a structural
(A) subunit (see introduction). In order to find interaction partners of RSA-1,
co-immunoprecipitation experiments were carried out. First, the anti-RSA-1
antibody (described above in section 3.2.1, figure 10) was used to immuno-
precipitate RSA-1 and associated proteins from extracts of C. elegans
embryos. Figure 12A shows a control Western blot on these IP samples. The
antibody clearly precipitated RSA-1. The precipitation efficiency was low,
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Figure 11. RSA-1 has sequence similarity to PP2A B’’ regulatory subunits.
The B’’ proteins can be grouped into two subfamilies: the PR48/PR130 family (upper set of aligned
sequences) and the TON2 family (lower set of aligned sequences), which includes RSA-1. CLUSTAL X
(Thompson et al., 1994; Thompson et al., 1997) was used to align the amino acid sequences of
representatives of the two subfamilies of PP2A B’’ regulatory subunits. For the PR48/PR130 family, the
sequences of human PR48 (HsPR48, Accession number NP_037371.2), Xenopus laevis PR48 (XlPR48,
Accession number AAK98642.1), human PR130 (HsPR130, Accession number NP_002709.2), Xenopus
laevis PR130 (XlPR130, Accession number AAK98643.1) and the predicted family members of
Caenorhabditis briggsae (CbCBG16342, Accession number CAE69953.1) and Caenorhabditis elegans
(CeC06G1.5, Accession number AAK32946.3) were aligned. The TON2 family is represented by mouse
G5PR (MmG5PR, Accession number NP_067504.2), the Xenopus tropicalis MGC89101 protein
(XtMGC89101, Accession number NP_001004923.1), Arabidopsis thaliana TON2 (AtTON2, Accession
number AAG35792.1), the Caenorhabditis briggsae protein CBG12224 (CbCBG12224, Accession number
CAE66852.1) and Caenorhabditis elegans RSA-1 (CeRSA-1, Accession number CAB02769.1).
Residues that are conserved in both subfamilies are highlighted in yellow; residues that are conserved only
in the PR48/PR130 or the TON2 family are marked in green and blue, respectively.
however, as the supernatant was hardly depleted of the protein after
incubation of the extract with anti-RSA-1 antibody. The eluate of this IP was
nevertheless analyzed by mass spectrometry (Natalie Wielsch, MPI-CBG). The
complete annotated results of this analysis can be found on the CD
accompanying this manuscript. A large number of proteins were identified by
mass spectrometry, among them the core centrosomal protein SPD-5 and the
uncharacterized protein Y48A6B.11. Interestingly, Y48A6B.11 had previously
been found to interact directly with RSA-1 in a large-scale yeast-two-hybrid
screen (Li et al, 2004). No phosphatase subunits were detected in this
preparation. The antibody only binds the extreme C-terminus of RSA-1, which
is the region with the largest sequence conservation among regulatory B-
subunits. One explanation for failure to detect PP2A subunits might therefore
be that the anti-RSA-1 antibody only precipitates the fraction of RSA–1 that
is not engaged in a PP2A complex and that the epitope
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Figure 12. Test of immunoprecipitation efficiencies of the anti-RSA-1 and the anti-GFP antibodies.
(A) Immunoprecipitation with the anti-RSA-1 antibody from N2 wild-type worms. Equal-volume samples of
the embryo extract used for the IP before (Input) and after (Supe) incubation with the anti-RSA-1 antibody
as well as a sample from the eluted beads (Eluate) were subjected to SDS PAGE electrophoresis and
Western blotting. The membrane was probed with the anti-RSA-1 antibody.
(B) Immunoprecipitation with the anti-GFP antibody from GFP::RSA-1 worms. IP samples were processed as
for (A) and the membrane probed with the anti-RSA-1 antibody, which detected endogenous RSA-1 as well
as the GFP-tagged version at a higher molecular weight.
recognized by this antibody is not accessible in the heterotrimeric complex. I
therefore chose a different approach for immunoprecipitating the protein,
making use of a worm strain that expressed GFP-tagged RSA-1 (figure 10C).
Extracts were prepared from GFP::RSA-1 worms and subjected to co-
immunoprecipitation with anti-GFP antibodies. As the Western Blot analysis in
figure 12B illustrates, these antibodies precipitated the RSA-1 protein far
more efficiently. This IP experiment was performed twice, using different
controls: in the first experiment, random IgG antibodies were incubated with
GFP::RSA-1 extract; in the second experiment, the anti-GFP antibody was
incubated with extracts from wild-type worms that did not express the
transgene. Moreover, salt conditions were modified, as compared to the
previous, high-background anti-RSA-1 IP, resulting in far fewer co-purifying
proteins. These IP samples were again subjected to mass spectrometric
analysis and the full results are provided on the supplementary CD. The
results of these two IP experiments were combined and only those proteins
identified in both preparations were considered. Just four proteins were found
to reproducibly and specifically associate with RSA-1. These were the Protein
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Phosphatase 2A catalytic subunit LET-92 and the PP2A structural A subunit
PAA-1 as well as Y48A6B.11 and SPD-5, two proteins that had already been
found through immunoprecipitations using the antibody against the
endogenous protein (table!2).
These results show that RSA-1 indeed associates with a PP2A core
heterodimer and suggest that it acts as PP2A regulatory subunit.
Table 2. RSA-1 co-immunoprecipitates with a PP2A complex, SPD-5 and the
uncharacterized protein Y48A6B.11 (RSA-2)
Proteins co-immunoprecipitating specifically with RSA-1
Y48A6B.11 (RSA-2)
SPD-5
PAA-1
LET-92
Uncharacterized protein. RNAi phenotype
identical to rsa-1(RNAi).
Core component of the pericentriolar material.
PP2A regulatory A subunit
PP2A catalytic subunit
3.2.4 RSA-1 is a centrosome-targeting subunit for the Protein
Phosphatase 2A complex
I next addressed the regulatory function of RSA-1 with respect to PP2A. As
PP2A B subunits have been shown to determine phosphatase location in other
systems (Janssens and Goris, 2001), transgenic C. elegans lines were
generated that expressed GFP-tagged versions of the RSA-1-associated PP2A
catalytic and structural subunits LET-92 and PAA-1 in the early embryo. Both
GFP-fusion proteins were most concentrated centrosomes. They were also
found throughout the cytoplasm and in an area close to chromatin after
NEBD. In the stronger expressing PAA-1::GFP embryos, a labeling of granular
structures in the embryo posterior, which presumably corresponded to
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P!granules, was observed (figure 13B top panel). When RSA-1 was depleted
from these embryos, the centrosomal staining was strongly reduced, while
cytoplasmic, granular and peri-chromatin stainings persisted (figure 13
bottom panels). These data demonstrate that RSA-1 is required for binding of
the LET-92/PAA-1 PP2A heterodimer to centrosomes and suggest that
RSA–1 is a centrosome-localizing regulatory subunit for this PP2A complex in
C. elegans embryos.
Figure 13. The PP2A heterodimer LET-92/PAA-1 is recruited to centrosomes by RSA-1.
(A) Paired fluorescence and DIC still images from time lapse series of metaphase embryos expressing the
GFP tagged PP2A catalytic subunit LET-92. A wild-type embryo is shown in the top panel, a rsa-1(RNAi)
embryo is shown in the bottom panel. See also movie 6.
(B) Paired fluorescence and DIC still images from time lapse series of wild-type and rsa-1(RNAi) metaphase
embryos expressing the GFP tagged PP2A structural subunit PAA-1. See also movie 7.
(A) and (B) Arrows indicate the position of centrosomes in the rsa-1(RNAi) panels as obtained from
corresponding DIC recordings. All panels correspond to the time point 150 seconds after NEBD. Scale bars
are 10 mm.
3.2.5 The PP2A centrosome-targeting function is specific to
RSA–1
As the LET-92/PAA-1 complex is thought to associate with a variety of B-
subunits in the early embryo, I sought to determine whether the defects
observed after depletion of RSA-1 were specific to this particular B subunit or
could also be observed with other PP2A regulatory subunits. Seven more
putative PP2A regulatory B subunits of the B, B’ or B’’ classes and the
presumptive B’’’ class could be identified by sequence analysis (SUR-6,
W08G11.4, C13G3.3, C06G1.5, T22D1.5, Y46C8AL.2, and CASH-1). Of
these, only the B-type subunit SUR-6 has been found to have a function in
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the early embryo (Kao et al., 2004). I confirmed this function by timelapse-
fluorescence microscopy of b-tubulin GFP-expressing embryos depleted of
SUR-6. These embryos showed clear defects during the first cell division that
were distinct from the defects observed upon rsa-1(RNAi). In sur-6(RNAi)
embryos, centrosomes did not separate before NEBD, the mitotic spindle was
mispositioned and centrosome duplication seemed aberrant. However,
microtubules levels appeared relatively normal (figure 14A and movies 8 and
9). SUR–6 was not required for GFP::LET-92 binding to centrosomes (figure
14B), suggesting that the effects of rsa-1(RNAi) on LET-92 are specific and
not caused by the general disruption of PP2A complexes in the early embryo.
Figure 14. The essential PP2A regulatory subunit SUR-6 mediates processes different from RSA-1 in the
early embryo
(A) Still images from a time-lapse series of GFP-b-tubulin expressing embryos depleted of SUR-6. Spindle
assembly is aberrant in sur-6(RNAi) embryos, however, the defects are not similar to the defects observed
after rsa-1(RNAi) (compare to figure 3). The panel on the right shows a wild-type embryo for comparison
of microtubule amounts. Time points indicated are relative to NEBD. See also movies 8 and 9.
(B) Still images from time-lapse series of embryos expressing the GFP-tagged PP2A catalytic subunit
LET–92 corresponding to metaphase stage. The left panel shows a wild-type embryo, the right panel shows
a SUR-6-depleted embryo. LET-92 is still located at centrosomes in the absence of SUR-6.
(A) and (B) Scale bars are 10 mm.
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3.2.6 The PP2A catalytic subunit LET-92 is involved in
microtubule stability
Having discovered that a centrosome-targeting regulatory subunit for the
phosphatase LET-92 is required for microtubule outgrowth and kinetochore
microtubule stability, I wanted to explore the role of the catalytic subunit
itself in these processes. To investigate LET-92’s role in the first mitosis of
the C.!elegans embryo, I first depleted LET-92 from b-tubulin-GFP expressing
embryos. let-92(RNAi) resulted in a highly pleiotropic phenotype, including a
failure in meiotic spindle disassembly, a failure in the formation of nuclear
envelopes around the pronuclei and unseparated centrosomes. Nevertheless,
a spindle-like bipolar structure eventually formed (figure 15A and movie 10),
but with greatly reduced microtubule numbers at the poles (figure 15A,
compare let-92(RNAi) panel IV with the wild-type anaphase stage embryo in
the right panel).
The pleiotropic defects observed in let-92(RNAi) embryos made it difficult to
compare the function of this phosphatase with the mitotic functions of
RSA-1. Therefore, I chose an alternative method to perturb PP2A function
using the PP2A and Protein Phosphatase 1 (PP1) inhibitor Calyculin A. In this
way, phosphatase activity could be removed from embryos that had
completed meiosis and progressed into mitosis normally. Embryos expressing
YFP::a-tubulin were mounted in the presence or absence of Calyculin A, which
does not penetrate the eggshell. A UV laser was used to perforate the
eggshell at the time of spindle assembly, facilitating the entry of Calyculin A
into the cytoplasm. In embryos exposed to Calyculin A, microtubules rapidly
disappeared from centrosomes (figure 15B and movie 11). These
observations indicate that phosphatase catalytic activity is required for
microtubule stability and mitotic spindle assembly.
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Figure 15. Protein phosphatase activity is required for centrosomal microtubule stability.
(A) Depletion of the PP2A catalytic subunit LET-92 leads to pleiotropic defects in the early embryo and to
reduced centrosomal microtubules. Embryos expressing GFP::b-tubulin were depleted of the PP2A catalytic
subunit LET-92 and imaged by spinning disk confocal microscopy. Still images representing cell cycle
progression (panels I to IV) in let-92(RNAi) embryos are shown. Panel I: Meiotic spindle remnants
(arrowhead) and the unseparated centrosomes (arrow) are at the embryonic cortex. Panel II: Meiotic
spindle remnants and centrosomes migrate towards the centre of the embryo where they meet. Panel III:
The meiotic microtubule array and the centrosomes fuse and form a bipolar structure. Panel IV: The bipolar
structure elongates. The right panel shows a still image of a wild-type embryo at anaphase acquired under
the same conditions for comparison of microtubule amounts with panel IV of the let-92(RNAi) series. See
also movie 10.
(B) Microtubules are destabilized in embryos treated with Calyculin A, an inhibitor of PP2A and Protein
Phosphatase 1. YFP::a-tubulin embryos were mounted with 10 mm Calyculin A diluted from a 1 mM DMSO
stock (DMSO/Calyculin A embryo, lower panels) or with 1% v/v DMSO alone (DMSO control embryos, upper
panels). An image of the cellular microtubules before drug treatment was acquired (left panels). After
laser-mediated eggshell permeabilization and entry of Calyculin A into the embryonic cytoplasm (circle
marks the site of eggshell perforation), microtubule behavior was followed using one-second interval time-
lapse acquisitions. Time points indicated are seconds after eggshell perforation and drug entry (right
panels). See also movie 11.
Out of 15 embryos that were exposed to Calyculin A, 10 showed a rapid microtubule depolymerization like
the embryo shown in this figure, 5 embryos displayed a slower loss of microtubules, which might be caused
by slightly different cell cycle stages at the time of drug entry or by reduced access of Calyculin A to the
cytoplasm of these embryos.
(A) and (B) Scale bars are 10 mm.
3.2.7 TPXL-1 associates with RSA-1 and RSA-2
The results presented thus far establish a role for a specific RSA-1-bound
Protein Phosphatase 2A complex in mitotic spindle assembly, which acts by
controlling the centrosomal levels of two key mitotic effectors, TPXL-1 and
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KLP–7. Determining how TPXL-1 and KLP-7 are regulated by the phosphatase,
whether they are direct targets of the enzyme, and if so, which serine or
threonine residues would be modified, is very challenging. No equivalent to an
in vitro kinase assay exists for phosphatases and no consensus amino acid
sequence motifs targeted by PP2A are known. In the course of this study I
was not able to elucidate the molecular basis for the PP2A-mediated
reduction of centrosomal KLP-7. TPXL-1, however, was found to associate
with RSA-1 and the RSA-1 interactor Y48A6B.11 (RSA-2, see table 2) by co-
immunoprecipitation (figure 16), suggesting, that TPXL-1 binds to the PP2A
complex and might be a substrate of the phosphatase.
Figure 16. TPXL-1 associates with the RSA complex. TPXL-1 was immunoprecipitated from C. elegans
embryonic extracts. The co-purifying proteins RSA-1 and Y48A6B.11 (RSA-2) were identified by Western
blotting and antibody detection. As a control, the extract was incubated with rabbit random IgG.
3.2.8 RNAi-mediated depletion of RSA-2 (Y48A6B.11) causes an
identical phenotype to rsa–1(RNAi)
I next investigated the functions of Y48A6B.11 and SPD-5, the two proteins
associated with the RSA-1-PP2A complex (see table 2). Depletion of
Y48A6B.11 from C. elegans embryos led to a phenotype that was
indistinguishable from the rsa-1(RNAi) phenotype (figure 17A, B and
movie!1). Therefore the gene was termed rsa–2. First, the phenotype was
analyzed by immunofluorescence of fixed embryos. Like rsa-1(RNAi),
rsa–2(RNAi) led to strongly reduced microtubule levels at centrosomes
without a significant decrease in g-tubulin levels as well as to collapsing
spindle poles (figure 17A). In vivo imaging of rsa-2(RNAi) embryos revealed
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Figure 17. rsa-2(RNAi) causes a phenotype indistinguishable from the rsa-1(RNAi) phenotype.
(A) Wild-type, rsa-1(RNAi) and rsa-2(RNAi) embryos were fixed and stained for DNA (blue), microtubules
(green) and g-tubulin (red). Z-stack projections are shown. Depletion of RSA-1 and RSA-2 both resulted in
collapsed spindles and reduced microtubules at centrosomes while g-tubulin localized normally.
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that these embryos proceeded through mitosis very similarly to rsa–1(RNAi)
embryos with spindle poles collapsing and re-elongating as well as frequent
pronuclear migration and spindle positioning defects (figure 17B, three sets
of panels on the left and movie 1). By measuring pole-to-pole distances and
centrosomal microtubule fluorescence in rsa-2(RNAi) embryos, graphs very
similar to the corresponding graphs for RSA-1 were obtained (figure 17C and
17D). Centrosomal microtubule amounts in rsa-2(RNAi) were also rescued by
co-depletion of KLP-7 (figure 17B right set of panels and movie 12).
Moreover, RSA-2 was also found to be required for the centrosomal
localization of the PP2A catalytic subunit LET-92. In summary, these results
suggest that RSA-2 acts in the same pathway as RSA–1.
3.2.9 RSA-2 is required for centrosomal binding of RSA-1
To further explore the relationship between RSA-1 and RSA-2, an antibody
was raised against RSA-2, which specifically labeled the centrosomes in fixed
C.!elegans embryos. Co-staining with anti-RSA-1 antibodies revealed that
RSA-1 and RSA-2 co-localized at centrosomes (figure 18A). RSA-2 was found
to still bind to centrosomes in rsa-1(RNAi) embryos, however, RSA-1 could
not be detected at centrosomes in rsa-2(RNAi) embryos. The loss of RSA-1
from centrosomes in rsa-2(RNAi) embryos did not appear to be mediated by
Figure 17. continued
(B) Still images of time-lapse series of GFP::b-tubulin expressing embryos of wild type, rsa-1(RNAi) and
rsa–2(RNAi) single depletions and rsa-2(RNAi); klp-7(RNAi) double depletion. In rsa-2(RNAi) embryos,
identically to rsa-1(RNAi) embryos, centrosomes are normally separated before NEBD, collapse onto each
other after NEBD and are pulled apart in anaphase. Microtubule levels at centrosomes are decreased
similarly to rsa–1(RNAi) in rsa-2(RNAi) embryos (see also panel (D) and compare with figure 3).
Microtubule amounts in rsa-2(RNAi) can also be rescued by co-depletion of KLP-7 (compare with figure 6).
Aspects of both single depletion phenotypes are observable in the double RNAi experiment: spindle
collapse marking rsa-2(RNAi) and enlarged polar bodies (arrowheads) indicating efficient removal of KLP-7.
Time points are seconds relative to NEBD. See also movies 1 and 12.
(C) Measurement of pole-to-pole distances over time during spindle formation from single frames of time-
lapse recordings as in (B). Measurements from three wild-type (WT) embryos (green and blue diamonds)
and three rsa-2(RNAi) embryos (red and orange circles) are shown.
(D) Quantification of centrosomal GFP::b-tubulin fluorescence from single frames of time-lapse recordings
as in (B). Fluorescence intensity values are shown as (mean ± standard error of the mean) for wild-type
(green diamonds) and rsa-2(RNAi) embryos (red circles).
(A) and (B) Scale bars are 10 mm. Inset scale bars are 1 mm.
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destabilization of the RSA-1 protein, since Western blotting revealed that the
amounts of both RSA-1 and RSA-2 were approximately 50% reduced upon
RNAi-mediated depletion of the other (figure 18B). The remaining RSA-2
protein still localized to centrosomes efficiently, while the remaining RSA-1
did not. This suggests that RSA-2 functions in recruiting RSA-1 to
centrosomes and thereby provides an additional linker for binding of the
PP2ALET–92 complex to centrosomes.
Figure 18. RSA-2 is required for RSA-1 binding to centrosomes.
(A) Centrosomal localization of RSA-1 depends on RSA-2. Wild-type, rsa-1(RNAi) and rsa-2(RNAi) embryos
were stained for DNA (blue), RSA-1 (green), RSA-2 (red) and microtubules (green in right panels).
Projections of Z-stacks are shown. The inset in the merged image of the top panel highlights RSA-1 and
RSA-2 co-localization at centrosomes. Panels on the right illustrate the RNAi phenotypes and the position
of the centrosomes. Scale bars are 10mm; inset scale bar is 1mm.
(B) The mislocalization of RSA-1 in rsa-2(RNAi) does not appear to be caused by destabilization of the
protein. Western blot of whole worm samples of wild-type, rsa-1(RNAi) and rsa-2(RNAi) animals. The anti-
RSA-2 antibody recognizes a doublet, both bands are greatly reduced upon rsa-2(RNAi) and are therefore
specific for RSA-2. A non-specific reactivity of the RSA-2 antibody served as loading control.
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3.2.10 A Yeast-two-hybrid screen for interaction partners of
RSA-2
Orthologues of RSA-2 could not be identified by sequence similarity and it
was not possible to infer the function of the protein from conserved domains,
apart from two coiled-coil regions. In order to investigate the molecular
function of RSA-2, a yeast-two-hybrid screen for interacting proteins of
RSA–2 was therefore performed. A cDNA library generated from C. elegans
young adults was kindly provided by Carsten Hoege in the lab. Two RSA-2
constructs encoding the full-length protein and the amino-terminal half of the
protein were fused to the DNA binding domain (BD) of the GAL4 transcription
factor and were used for this screen. The carboxy-terminal part of RSA-2
fused to the GAL4-DNA binding domain was found to be auto-activating in
preliminary tests and could therefore not be included in the screen. Seven
proteins were isolated as putative direct interactors of RSA-2 in the screen
using the full-length protein (figure 19 and table 3). Two out of these, SPD-5
and EBP-1, were found to also interact with the amino-terminus of RSA-2
(figure 19) but no amino-terminus-specific interactors were isolated.
Remarkably, RSA-2 was found to interact directly with SPD-5 and RSA-1 and
does so via different domains of the protein, suggesting that RSA-2 could act
as a physical link between the core pericentriolar material, defined by SPD-5,
and the RSA-1-PP2A complex.
The remaining interactors isolated in this screen could not yet be studied in
detail. Hypotheses on their possible implications in phosphatase and spindle
function will be presented in the discussion section.
Figure 19. A yeast-two-hybrid screen for interactors of RSA-2.
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Table 3. RSA-2 yeast-two-hybrid interaction partners
Name
Strength
of
interaction
RNAi depletion
phenotype Remarks
RSA-1 strong
Embryonic lethal.
One-cell stage
phenotype
identical to rsa-
2(RNAi)
phenotype
Interaction confirmed by IP
(Table!2).
RSA-2 required for RSA-1 binding
to centrosomes (Figure 18).
SPD-5 strong
Embryonic lethal.
No recruitment of
pericentriolar
material.
SPD-5 required for RSA-1 and RSA-
2 binding to centrosomes
(Figure!20).
SPD-5 binds RSA-2 N-terminus and
SPD-5 amino acids 1-427 are
dispensable for RSA-2 binding
(Figure 19).
EBP-1 strong No phenotypeobserved.
One of three EB1 like proteins in C.
elegans. MT plus end binder.
EBP-1 binds RSA-2 N-terminus
(Figure 19)
DLC-1 medium tostrong
Embryonic lethal.
Pronuclear
migration
defective.
Dynein Light Chain.
MDT-29 weak tomedium
No phenotype
described.
Contains prion-like (asparagine- or
glutamine-rich) domain.
DYLT-1 weak tomedium
No phenotype
observed. Dynein light chain, tctex-1 type.
Y59A8B.10 weak No phenotypeobserved.
Interaction confirmed by IP: co-
purifies with LET-92/PAA-1
complex and RSA–2 in anti-RSA-2
and anti-TPXL-1 IPs
(A.!Dammermann, UCSD, personal
communication).
Putative interactor of NDC80 (Li et
al, 2004).
Figure 19. continued
RSA-2 interacts with SPD-5, EBP-1, RSA-1, DLC-1, MDT-29, DYLT-1 and Y59A8B.10 in a yeast-two-hybrid
assay. A vector encoding either full length RSA-2 or the N-terminal half of RSA-2 fused to the GAL4 DNA
binding domain (BD) was co-transformed with a C. elegans young adult cDNA library of GAL4 activating
domain (AD) fusions. Complex formation was detected by activation of the lacZ reporter gene in a b-
galactosidase assay (left panel for each interactor) or by growth on plates lacking histidine (right panel for
each interactor). Complex formation was further confirmed by growth on plates lacking uracil as an
additional reporter (data not shown). For both, SPD-5 and EBP-1, two different clones were isolated. For
SPD-5, they encoded for the protein fragment starting from amino acids 280 and 428, respectively, for
EBP-1, one full length clone and one fragment starting at amino acid 96 were isolated.
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3.2.11 A linear recruitment pathway for PP2A targeting
Given that RSA-1 associates with the LET-92/PAA-1 phosphatase complex
and recruits it to centrosomes, and that RSA-1 is directly bound and localized
by RSA-2, the results from the yeast-two-hybrid screen presented above
provide a model for how the entire complex associates with centrosomes via
RSA-2 binding to SPD-5. Removal of SPD-5 should in this case result in the
loss of the phosphatase complex from centrosomes. I depleted SPD-5 from
C.!elegans embryos expressing either GFP-tagged RSA-1 or RSA-2. As
expected, no localized intracellular signal of RSA-1 or RSA-2 could be
observed upon spd–5(RNAi) (figure 20), supporting the idea of a targeting
pathway based on direct protein-protein interactions as outlined in figure 21.
Figure 20. RSA-1 and RSA-2 require SPD-5 for binding to centrosomes.
(A) Paired fluorescence and DIC still images from time lapse series of embryos expressing GFP-tagged RSA-
1. A wild-type embryo is shown in the top panel, a spd-5(RNAi) embryo is shown in the bottom panel.
(B) Paired fluorescence and DIC still images from time lapse series of wild-type and spd-5(RNAi) embryos
expressing GFP-tagged RSA-2.
(A) and (B) All panels correspond to the time of NEBD. The entire embryos were screened for localized
signals of the GFP-fusion proteins. Representative images are shown. Scale bars are 10 mm.
In summary, during my PhD work, I have identified and characterized a new
pathway at centrosomes. A complex of the core PCM component SPD-5 and
the newly identified RSA-2 protein localizes the Protein Phosphatase!2A
regulatory subunit RSA-1 to centrosomes. RSA-1 mediates the binding of the
PP2A core heterodimer, consisting of the catalytic subunit LET-92 and the
structural A-subunit PAA-1, to centrosomes. Correct localization of the
phosphatase is required for proper spindle formation. RSA-PP2A contributes
50
to spindle assembly, at least in part, by modulating the centrosomal levels of
two critical mitotic effectors, TPXL-1, an Aurora A kinase activator and
kinetochore microtubule stabilizer, and KLP-7, a microtubule depolymerizing
kinesin-like protein. These results are summarized in figure 21.
Figure 21. A linear assembly pathway targets the RSA-1 PP2A complex to centrosomes, where it
regulates mitotic spindle assembly.
Summary of the analysis on the RSA complex. The recruitment hierarchy to centrosomes is displayed in the
top part of the panel. In the bottom part, the two pathways regulated by the RSA-PP2A complex are
shown once more. Solid lines indicate direct protein-protein interactions.
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4. Discussion
With the work presented here, a new regulatory pathway in C. elegans spindle
assembly has been discovered and characterized. The Protein Phosphatase 2A
regulatory subunit RSA-1, in a complex with the newly identified RSA-2
protein and the core protein of the pericentriolar material SPD-5, targets the
PP2A enzyme to centrosomes. The centrosomally localized PP2A complex
mediates proper spindle assembly by determining the centrosomal amounts of
two critical mitotic effectors, the microtubule depolymerizer KLP-7 and the
kinetochore microtubule stabilizer TPXL-1. Thereby, this study for the first
time defines a role for a specific PP2A complex in mitotic spindle assembly.
Furthermore, it provides new insight into PP2A regulation during mitosis. The
implications of my and work and how it relates to previous findings will be
discussed in the following.
4.1 Protein Phosphatase 2A in mitosis
PP2A is the major cellular phosphatase and is required for a large number of
processes. Mutational analyses in the genetically tractable organisms yeast
and Drosophila melanogaster have revealed that PP2A has functions in cell
cycle progression and cytoskeleton organization (Gomes et al., 1993;
Kinoshita et al., 1993; Snaith et al., 1996; Evans and Stark, 1997). Besides
genetic approaches, studies of PP2A have often relied on the use of chemical
inhibitors of phosphatase activity and two studies have specifically addressed
the role of PP2A in the regulation of microtubule dynamics during the cell
cycle. Gliksman and co-authors followed microtubule dynamics in interphase
extracts of sea urchin eggs after exposure to okadaic acid, an inhibitor of
Protein Phosphatase 1 (PP1) and PP2A. They found that after phosphatase
inhibition, microtubules exhibited the short lengths and lifetimes typical of
mitosis (Gliksman et al., 1992), suggesting that PP2A is needed to maintain
the interphase properties of the microtubule cytoskeleton. In contrast,
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Tournebize and co-workers found that microtubules in mitotic extracts of
Xenopus laevis eggs switch to an interphase-like behaviour and become longer
after treatment with concentrations of okadaic acid that supposedly only
inhibited PP2A but not PP1 (Tournebize et al., 1997). Tournebize et al.
concluded that PP2A promotes mitotic microtubule dynamics. In the in vivo
situation of the C. elegans embryo studied here, it is not possible to precisely
measure the dynamics of microtubule ends. However, no obvious global effect
on microtubule lengths was observed after RNAi-mediated depletion of the
PP2A catalytic subunit LET-92 or the regulatory subunit RSA-1 from C.
elegans embryos. Therefore, these observations are not directly comparable.
When C. elegans embryos were subjected to Calyculin A treatment, however,
an interphase-like microtubule network seemed to form after microtubules
had disappeared from centrosomes (figure 15B and movie 11), suggesting
that microtubules might transition from mitotic to interphasic dynamic
behavior in these embryos in agreement with the results of Tournebize and
colleagues. Overall, C. elegans PP2ALET-92 seems to mainly exert its function by
promoting microtubule growth from centrosomes and this may reflect the
dominant role of centrosomes in C. elegans spindle assembly (Hamill et al.,
2002).
Altogether, it is difficult to draw precise conclusions about the cellular
functions of PP2A from mutant or inhibitor experiments that are based on a
global suppression of phosphatase activity, as this will affect many cellular
processes and might thereby result in indirect effects. The identification of
RSA-1 as targeting regulatory subunit allowed me to dissect the centrosome-
and mitosis-specific functions of PP2ALET-92 in C. elegans embryos.
4.2 PP2A subunits and specificity
Given that phosphatases like PP2A and PP1 rely heavily on associated
subunits for their function, the identification of these regulatory modules is
important for understanding phosphatase regulation. Relatively few PP2A
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complexes with specific functions have been identified yet. Among them are
the Shugoshin-PP2A and the PR48-PP2A complexes. Shugoshin protects
centromeric cohesin from premature degradation by recruiting PP2A to the
centromeres (McGuinness et al., 2005; Kitajima et al., 2006). PR48
modulates DNA replication by mediating PP2A interaction with cdc6 (Yan et
al., 2000). The data presented in this study indicate that the RSA complex
confers temporal and spatial specificity to the PP2A holoenzyme in the C.
elegans embryo. Given the number of defects observed upon depletion of the
catalytic subunit LET-92 (figure 15A and movie 10), PP2ALET–92 likely controls
a number of cellular processes including the completion of meiosis, nuclear
envelope formation, centrosome separation and centrosome integrity. These
observations suggest that other regulatory subunits could mediate different
functions of PP2ALET-92 in the early embryo. By BLAST searches, eight proteins
were identified as potential PP2A regulatory subunits on the basis of
sequence conservation. These are: SUR-6 (F26E4.1), the only obvious
member of the B family of PP2A regulatory subunits; the two uncharacterized
gene products W08G11.4 and C13G3.3 of the B’ class; in addition to RSA-1
the four uncharacterized proteins C06G1.5, T22D1.5 and Y46C8AL.2 for the
B’’ family; and one member of the potential family of B’’’ subunits, CASH-1.
Of these, only SUR-6 was found to have a clear function in early embryonic
mitoses (Kao et al., 2004; Sonnichsen et al., 2005; figure 14A). Centrosomes
fail to separate in sur-6(RNAi) embryos before nuclear envelope breakdown
(NEBD), which is reminiscent to the failure in centrosome separation seen in
LET–92 depleted embryos. sur-6(RNAi) did not alter the targeting of LET-92
to centrosomes (figure 14B). These observations support the notion that
SUR-6 mediates LET-92 functions that are separate from those regulated by
RSA-1 and that the identification of new regulatory B subunits might reveal
how LET-92 exerts its functions in cell cycle progression, nuclear envelope
formation and other processes.
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4.3 The centrosomal targeting pathway for PP2ALET-92 – Role of
RSA-2 and its interactors
The RSA complex contains a linker protein, RSA-2, which connects the core
PCM protein SPD-5 to the PP2A complex via the B’’ subunit RSA-1 (figures 18
to 20). RSA-2 depletion caused no additional defects compared to RSA-1
depletion and, therefore, RSA-2 probably does not function in an additional
pathway in the early embryo. RSA-2 might modulate the number of
phosphatase complexes that bind to centrosomes or facilitate the
presentation of substrates to the phosphatase, and thereby adjust
microtubule outgrowth to cellular needs. The identification of potential
interaction partners of RSA-2 (figure 19 and table 3) will help to investigate
these questions. One model to test would be that the EBP-1 protein, one of
the strongest interactors of RSA-2, is involved in “measuring” microtubule
outgrowth from centrosomes. The tip-tracking protein EBP-1 should be
continuously loaded onto the plus ends of outgrowing microtubules, which
would decrease its amounts at the centrosome. If microtubule outgrowth
from centrosomes is impaired, excess EBP-1 could accumulate at
centrosomes and signal to RSA-2. RSA-2 in turn could recruit more RSA-1-
PP2A complexes to remove KLP-7 and thereby promote microtubule
outgrowth. RSA-2 also associated with two different dynein light chain
proteins in the yeast-two-hybrid assay. Dynein has been suggested to
contribute to microtubule anchoring and organization at centrosomes
(Quintyne et al., 1999) and it is therefore conceivable that dynein motors
normally help counteracting kinetochore forces that lead to a spindle collapse
in rsa-1(RNAi) or tpxl-1(RNAi) embryos. Dynein subunits might be a target of
the LET-92 phosphatase. Alternatively, RSA-2 could serve to bring TPXL-1
and dynein in close proximity to stabilize kinetochore microtubules. The
uncharacterized protein Y59A8B.10 was only weakly interacting with RSA-2 in
the yeast-two-hybrid assay but its association with the RSA-PP2A-TPXL-1
complex was further confirmed by co-immunoprecipitation experiments using
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antibodies against TPXL-1 and against RSA-2 (see table 3). Interestingly, in a
large-scale yeast-two-hybrid study in C.!elegans (Li et al., 2004), Y59A8B.10
was found to interact with NDC-80, a protein required for the attachment of
microtubules to kinetochores. This interaction might provide a cue to the
forces acting at the kinetochore and promoting spindle collapse i n  rsa-
1(RNAi) or tpxl–1(RNAi) embryos. Finally, the results obtained in the yeast-
two-hybrid screen (figure 19 and table 3) and the RSA-1 co-
immunoprecipitation experiments (table 2), identified RSA-2 as the first direct
target of the essential PCM recruiting protein SPD-5. This interaction indicates
that specific sub-complexes can be recruited by SPD-5, maybe via different
domains of the protein. It will be interesting to determine how SPD-5 binds
and recruits distinct proteins of the PCM.
4.4 Control of microtubule growth from centrosomes through
KLP–7 targeting
The data presented here indicate that the RSA complex regulates microtubule
growth from centrosomes by downregulating the centrosomal amounts of the
microtubule destabilzer KLP-7. Recent work from our laboratory suggests
that the Kinesin-13 proteins KLP-7 and MCAK limit the number of
microtubules growing out from centrosomes, both in C.!elegans embryos and
in Xenopus egg extracts (Srayko et al., 2005; Kinoshita et al., 2005). It is
unknown why a fraction of microtubules are destabilized immediately after
nucleation (50% of all the nucleated microtubule at C. elegans centrosomes)
and do not grow away from centrosomes, which appears to be a futile
pathway. One possible explanation for this phenomenon might be that a high
capacity for generating microtubules is always provided by centrosomal g-
tubulin and the number of microtubules actually emanating at different stages
of the cell cycle is regulated by a modulation of centrosomal KLP-7 amounts.
Alternatively, an excess number of g-tubulin ring complexes at the
centrosome might act as a “sink” for tubulin dimers and prevent any
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spontaneous microtubule generation in the cytoplasm. The generation of
short microtubule seeds and immediate depolymerization would moreover
lead to a high local tubulin concentration at centrosomes, favoring the rapid
growth of microtubules.
As Kinesin-13 proteins are microtubule depolymerases that target
microtubule ends, it is likely that KLP-7 decreases the stability of nascent
nucleated plus ends, although it cannot be ruled out that KLP-7 also
negatively regulates microtubule nucleation. The RSA phosphatase complex
might control the catalytic activity of KLP-7 itself. Experiments in tissue
culture cells have shown that phosphorylation decreases the microtubule
depolymerizing activity of MCAK, the human homologue of KLP-7 (Andrews et
al., 2004; Lan et al., 2004). By analogy, dephosphorylation by PP2A should
increase the activity of KLP-7. Contradictory to this notion, KLP-7 activity
increases when PP2A is lost from centrosomes after RNAi knockdown of the
RSA complex. It is possible that the RSA complex controls a different
phosphorylation site of KLP-7 with an opposite effect on its enzymatic
activity. However, the results presented here suggest that the primary means
by which the RSA complex counteracts KLP-7-mediated microtubule
depolymerization is the regulation of KLP-7 targeting. Consistent with the
idea that phosphorylation of a kinesin-13 protein can be critical for its
localization, Ohi and co-workers found that a non-phosphorylatable mutant of
Xenopus laevis MCAK was unable to target to the inner centromere (Ohi et al.,
2004).
4.5 Regulation of spindle formation by centrosomal recruitment
of TPXL-1
A second function of the RSA complex is to target the C. elegans orthologue
of TPX2, TPXL-1, to centrosomes (figure 8 and movie 5). As TPXL–1
physically associates with the RSA complex it is probable that targeting of the
protein depends on RSA-PP2A mediated dephosphorylation. TPX2 was
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identified as a microtubule-associated protein (MAP) in Xenopus laevis
(Wittmann et al., 1998). In Xenopus egg extracts and tissue culture cells,
TPX2 is regulated by the Ran-pathway and is required for microtubule
assembly around chromatin and spindle pole organization (Gruss and Vernos,
2004). The amino-terminus of TPX2 has been shown to bind and activate the
mitotic kinase Aurora A (Eyers et al., 2003; Tsai et al., 2003; Gruss and
Vernos, 2004). In C. elegans embryos, the orthologue of TPX2, TPXL-1, binds
and activates AIR-1, the C. elegans Aurora A kinase (Ozlu et al., 2005). AIR-1
is targeted to spindle microtubules by its binding to TPXL-1. The AIR-1/TPXL-
1 interaction is crucial for mitotic spindle formation, suggesting that one of
the essential functions of TPXL-1 in spindle assembly is to localize Aurora A
to spindle microtubules. Electron microscopy of tpxl-1(RNAi) embryos showed
that kinetochore microtubules are still formed, but are substantially shorter
than in wild-type embryos. This suggested that the TPXL-1/Aurora A complex
stabilizes forming kinetochore microtubules (Ozlu et al. 2005). Further
support for the idea that TPXL-1 and the RSA complex function in the same
pathway comes from the observation that kinetochore microtubules are
similarly shortened in rsa-1(RNAi) embryos (figure 3D). Therefore it seems
likely that the RSA complex stabilizes the forming mitotic spindle through its
targeting of TPXL-1. C. elegans TPXL-1, like other MAPs, is highly basic and
may thus bind to the acidic tails of tubulin. Phosphorylation is known to
negatively regulate the binding of many MAPs to microtubules (Cassimeris
and Spittle, 2001). TPXL-1 might generally be phosphorylated in C. elegans
embryos, perhaps by CDK-1, and thereby be prevented from binding to
microtubules; spatially restricted dephosphorylation at the centrosome by the
RSA-PP2A complex could enable TPXL-1 to bind microtubules and exert its
functions. The RanGTP pathway, which controls TPX2 localization in other
organisms, appears to be of little impact for spindle assembly in the
C.!elegans embryo. A phosphorylation / dephosphorylation pathway
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mediated by an unknown kinase and the RSA-PP2A complex could thus be an
alternative mechanism for TPXL-1 localization to centrosomes.
4.6 A possible role for the RSA complex in the coordination of
microtubule outgrowth and microtubule stability
One of the least explored problems in the assembly of complex cytoskeletal
structures, like the mitotic spindle, is how cells coordinate the distinct
processes that lead to the formation of this structure, such as differential
stabilization of microtubules, their focusing and bundling and the control of
the number of microtubules that contribute to the structure. In this context it
is interesting that the RSA complex targets the appropriate amounts of two
centrosome-effector proteins for correct spindle assembly. RSA-PP2A activity
thereby potentially allows the coordination of different microtubule events
required to form a spindle. By restricting the amount of KLP-7, the RSA
complex ensures that enough microtubules grow from centrosomes to
assemble a spindle. Concomitantly, recruitment of TPXL-1 by the RSA
complex stabilizes some of these microtubules that are captured by
kinetochores. The RSA complex could therefore integrate the requirements
for microtubule stability at kinetochores and centrosomes, fine-tuning the
number of microtubules contributing to the mitotic spindle accordingly.
4.7 Conservation of the RSA complex?
Given that very little is known about the mitotic function of PP2A it is unclear
whether the RSA-PP2A pathway also functions in systems other than the
C.!elegans embryo. RSA-1 has clear homologues in mammals, called
C14orf10 in humans and G5PR in mice. C14orf10 and G5PR are nearly
identical at the amino acid level, with only five out of 453 amino acids being
different. For G5PR, functions in the regulation of DNA-primase and B cell
survival have been suggested (Kono et al., 2002; Xing et al., 2005).
Depletion of C14orf10 from HeLa cells by RNAi did not result in clear mitotic
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defects (L. Pelletier, MPI-CBG, personal communication). This could indicate
that the regulatory role of the RSA complex is not conserved. Alternatively,
there could be redundancy in this pathway in mammalian cells, the RNAi-
mediated depletion may have been insufficient or there may be specific
changes in the immortalized HeLa cancer cell line. Interestingly, the
Arabidopsis thaliana homologue of RSA-1, TON2 (figure 11), is required for
microtubule organization in pre-mitotic cells as evidenced by the phenotype
of a mutant in the gene (Camilleri et al., 2002). Thus, it remains possible that
PP2A-B’’ subunits of the RSA-1/TON2 subfamily have a conserved role in the
regulation of the microtubule cytoskeleton.
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5. Materials and Methods
Table 4. Primer sequences.
The main primers used in this study for the synthesis of double stranded RNA
(dsRNA) for RNA interference experiments and for the generation of tagging
constructs are listed in the table below. The cloning procedures are outlined
in the section “Generation of transgenic worm strains”.
Gene /
Locus
Primer purpose Primer sequences
T05C12.6 /
mig-5
dsRNA production
(control dsRNA)
AATTAACCCTCACTAAAGGCAGTGGGCCTCAAGCT
TAATACGACTCACTATAGGCTGCCAGAGCATGTTG
C25A1.9 /
rsa-1
dsRNA production
TAATACGACTCACTATAGGCACTTAATGCGCCCATTTTC
AATTAACCCTCACTAAAGGTTAGCGGGACTGCTATTGC
C25A1.9 /
rsa-1
tagging with
aminoterminal GFP
CGGGATCCATGCCAACCGACGAACCTTCG
TCCCCCCGGGCTATTGCTCGCGTCGTTCGTAC
C25A1.9 /
rsa-1
tagging with
aminoterminal
LAP-tag
GACTAGTATGCCAACCGACGAACCTTCG
TCCCCCCGGGCTATTGCTCGCGTCGTTCGTAC
C25A1.9 /
rsa-1
amplification of
full length cDNA
with Gateway
recombination
sites (for yeast-
two-hybrid
vectors)
GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGCCA
ACCGACGAACCTTCGAAGCGA
GGGGACCACTTTGTACAAGAAAGCTGGGTTCTATTGCT
CGCGTCGTTCGTACTTC
C25A1.9 /
rsa-1
amplification of
aminoterminal half
of cDNA with
Gateway
recombination
sites (for yeast-
two-hybrid
vectors)
GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATG
CCAACCGACGAACCTTCGAAGCGA
GGGGACCACTTTGTACAAGAAAGCTGGGTTCTA
AAGTAAATCCTTCAAATATACACAGTCTC
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C25A1.9 /
rsa-1
amplification of
carboxyterminal
half of cDNA with
Gateway
recombination
sites (for yeast-
two-hybrid
vectors)
GGGGACAAGTTTGTACAAAAAAGCAGGCTCCGAT
TTACTTGCTTCAACACTTCTAC
GGGGACCACTTTGTACAAGAAAGCTGGGTTCTA
TTGCTCGCGTCGTTCGTACTTC
Y48A6B.11
/ rsa-2
dsRNA production
TAATACGACTCACTATAGGAAAATAGGCGGATGAAACCC
AATTAACCCTCACTAAAGGACCACCGCACTCCAAATAAG
Y48A6B.11
/ rsa-2
carboxyterminal
GFP-tagging
GACTAGTATGTCGAAAATTCCTGTATTTAAGG (forward)
AAGGCCTCTAAACATCGGTGACCGTCG (reverse, stop)
TCCCCCGGGAACATCGGTGACCGTCGCGTC (reverse, no
stop)
Y48A6B.11
/ rsa-2
amplification of
full length cDNA
with Gateway
recombination
sites (for yeast-
two-hybrid
vectors)
GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGTCG
AAAATTCCTGTATTTAAGG
GGGGACCACTTTGTACAAGAAAGCTGGGTTCTAAACAT
CGGTGACCGTCGCGTC
Y48A6B.11
/ rsa-2
amplification of
aminoterminal half
of cDNA with
Gateway
recombination
sites (for yeast-
two-hybrid
vectors)
GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGTCG
AAAATTCCTGTATTTAAGG
GGGGACCACTTTGTACAAGAAAGCTGGGTTCTACAGCA
CCGGTTCAACCACAGG
K11D9.1 /
klp-7
dsRNA production
AATTAACCCTCACTAAAGGTCCTGTTCGTATGGCTCCTC
TAATACGACTCACTATAGGTCCTCTTTGAGCCCAACAAC
K11D9.1 /
klp-7
tagging of shorter
splice variant klp-
7.b with
aminoterminal
LAP-tag
GACTAGTATGCTTGTCGTCGGGATG
CCCGGGTCAGACGTTTTCCACGGCGAC
Y39G10AR.12
/ tpxl-1
dsRNA production
AATTAACCCTCACTAAAGGCAAACCATTCAGGAATTCGT
TAATACGACTCACTATAGGGAGATGGTGCGAGTGACAGA
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F38H4.9 /
let-92
dsRNA production
AATTAACCCTCACTAAAGGAGGCGTTCTGCGAGTAACAT
TAATACGACTCACTATAGGGAGTCGCGACAAATCACTCA
F38H4.9 /
let-92
tagging with
aminoterminal
LAP-tag
ACTAGTATGGCTGCTGCCCCACC
CCCGGGCTACAGGAAGTAGTCAGG
F48E8.5 /
paa-1
tagging with
carboxyterminal
GFP
GGACTAGTATGTCGGTTGTCGAAGAAGC
CCCCCCGGGCAAGCCGAGTGCTGAAAATGTTCA
Sequence segments marked in boldface are either (a) T3 or T7 RNA
polymerase recognitions sites for RNA synthesis primer, (b) restriction
enzyme recognition sites for the cloning of tagging constructs or (c)
recombination sites for the Gateway system (Invitrogen) for generation of
yeast-two-hybrid constructs. Marked in italics are stop codons that have been
introduced into reverse primers.
Table 5. C. elegans strains used in this study.
Strain
name
Strain
description
Reference or
Strain genotype
N2 Wild type
AZ244 GFP::b-tubulin
ruls57[pAZ147:pie-1/GFP/tubulin]; Praitis et al.,
2001
TH27 GFP::g-tubulin
unc-119(ed3); Is[GFP::F58A4.8(genomic); unc-
119(+)]; Hannak et al., 2001
TH41 GFP::air-1
unc-119(ed3); Is[GFP::K07C11.2(genomic); unc-
119(+)]; Cowan and Hyman, 2006
TH53 tpxl-1::GFP
unc-119(ed3); Is[Y39G10AR.12(genomic)::GFP;
unc-119(+)]; Ozlu et al., 2005
TH55 GFP::rsa-1
unc-119(ed3); Is[GFP::C25A1.9(genomic); unc-
119(+)]
TH65 YFP::a-tubulin
unc-119(ed3); Is[GFP::C47B2.3(genomic); unc-
119(+)]
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TH66 ebp-2::GFP
unc-119(ed3); Is[VW02B12L.3(genomic)::GFP;
unc-119(+)]; Srayko et al., 2005
TH105 LAP::rsa-1
unc-119(ed3); Is[LAP::C25A1.9(genomic); unc-
119(+)]
TH106 LAP::let-92
unc-119(ed3); Ex[LAP::F38H4.9(genomic); unc-
119(+)]
TH108 LAP::klp-7.b
unc-119(ed3); Ex[LAP::K11D9.1.b(genomic); unc-
119(+)]
TH107 rsa-2::GFP
unc-119(ed3); Is[(Y48A6B.11(1-1550)(genomic),
Y48A6B.11(806-2841)(cDNA))::GFP; unc-119(+)]
TH128 paa-1::GFP
unc-119(ed3); Is[F48E8.5(genomic)::GFP; unc-
119(+)]
Generation of transgenic worm strains
The C. elegans strains used in this study are described in the table above. All
C. elegans strains were maintained according to standard procedures (Brenner
et al., 1974). The transgenic lines established for this study were created by
the high-pressure microparticle bombardment method developed by Praitis et
al., 2001. The respective plasmids (described below) were introduced into
DP38 [unc-119(ed3)] worms using a Biolistic Particle Delivery System
(BioRad). unc-119(+), encoded in the backbone of the pAZ tagging plasmid
(Praitis et al., 2001) was used as a marker for selection of transformed
worms. All transgenes were under the control of the embryonic pie-1
promoter.
Cloning of tagging plasmids for:
1. gfp::rsa-1: The genomic sequence of rsa-1 was amplified by PCR and
cloned over BamHI and XmaI restriction sites into the pAZ(N)-GFP vector.
2. lap::rsa-1: The genomic sequence of rsa-1 was amplified by PCR and
cloned over SpeI and XmaI restriction sites into the pAZ(N)-LAP vector
3. rsa-2::gfp: The genomic sequence could not be obtained without any
point mutations, therefore a chimera from genomic and cDNA sequence was
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generated as follows. The ORF contained a single NotI site at nucleotide
position 1550 of the genomic and position 806 of the cDNA. A correct
amplified full-length cDNA PCR product for rsa-2 and a full length genomic
PCR product, which had one point mutation in the 3’ region after the NotI
site, were subcloned into pGEM-T (Promega). Both were cut with NotI and
StuI or XmaI, targeting the respective 3’ restriction sites. The 3’ cDNA
fragment was the ligated to the 5’ genomic fragment in the pGEM-T vector,
then the whole insert isolated and ligated into PAZ(C)-GFP.
4. lap::let-92: The genomic sequence of let-92 was amplified by PCR
and cloned over SpeI and XmaI restriction sites into the pAZ(N)-LAP vector
5. paa-1::gfp: The genomic sequence of paa-1 was amplified by PCR and
cloned over SpeI and XmaI restriction sites into the pAZ(C)-GFP vector
6. lap::klp-7.b: The genomic sequence of the shorter predicted splice
variant of klp-7 was amplified and cloned over SpeI and XmaI restriction sites
into the pAZ(N)-LAP vector.
RNA-mediated interference (RNAi)
dsRNA synthesis was performed using N2 genomic DNA as template for a
standard PCR with the primer sequences given in table 4. The PCR product
was purified using QIAGEN spin-columns and then employed as template for in
vitro transcription reactions using T3 and T7 polymerases, respectively, for
the two different RNA strands (Ambion, Megascript kit). The DNA template
was removed by incubation with DNase 1, RNA products were combined and
purified using the RNeasy kit (QIAGEN). The RNA was eluted in 60 ml water,
mixed with 30 ml 3x injection buffer (60 mM KPO4, 9 mM K-Citrate, 6% PEG
6000, pH 7.5) and annealed by incubating at 68 °C for 10 minutes followed
by incubation at 37 °C for 30 minutes. Resulting dsRNAs were aliquoted and
stored at –80 °C.
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dsRNA was injected into the gonad of L4 stage hermaphrodites using a
Transjector (Eppendorf) and the worms were incubated at 25°C for 22 to 26
hours before being examined.
The efficiency of depletion of each single protein in the double RNAi
experiments was confirmed by dilution of specific dsRNAs with a dsRNA
targeting MIG-5, a protein with no function in the one cell stage embryo.
Quantification of GFP::b-tubulin fluorescence revealed that rsa-1(RNAi) and
rsa-1(RNAi); mig-5(RNAi) caused an identical reduction in centrosomal
microtubule levels. Reduction of the two depleted proteins in the double RNAi
experiment was also confirmed by immunostaining.
Time-Lapse Microscopy and Quantification
GFP:: b-tubulin, TPXL-1::GFP, EBP-2::GFP, and GFP::AIR-1 movies were acquired
with a Hamamatsu ORCA ER 12 bit camera mounted on a spinning disk
confocal microscope (Zeiss Axioplan using a 63x 1.4 NA PlanApochromat
objective and Yokogawa disk head) controlled by Metamorph Imaging
software; illumination was via a 488 nm Argon ion laser (Melles Griot). For
GFP:: b-tubulin, TPXL-1::GFP, and GFP::AIR-1 recordings, images were acquired
every 10 seconds. For EBP-2::GFP, stream acquisitions over one minute were
recorded with 400 msec exposure time for each frame. GFP::g-tubulin
expressing embryos were imaged using a wide-field microscope equipped as
above. Quantification of centrosomal GFP::b-tubulin, GFP::g-tubulin, GFP::KLP-7
and TPXL::GFP was performed with Metamorph Software. A circular region was
used to measure fluorescence intensity at the centrosome and at a nearby
cytoplasmic area (“background”). The background subtracted intensity values
were plotted over time using Excel.
For recordings of YFP::a-tubulin embryos with Calyculin A treatment, an
inverted spinning disk confocal microscope (Axiovert 200M, Zeiss) was used.
A pulsed, third-harmonic, solid-state UV laser (l=355nm, 400 ps, 20 µJ/Pulse,
PowerChip, JDS Uniphase) was focused in a fixed spot in the focal plane of the
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microscope. Metamorph software controlled the microscope. Worms were
dissected in 10ml egg buffer (118 mM NaCl, 48 mM KCl, 2 mM CaCl2, 2 mM
MgCl2, 25 mM HEPES pH 7.3) on a poly-lysine (Sigma) coated microscope
slide. Calyculin A (Sigma) from a 1 mM stock in DMSO was added to a final
concentration of 10 mM; for controls, DMSO alone was added to 1% v/v. For
each embryo, one control image was acquired at prometaphase as determined
by DIC optics, and entry of the drug was facilitated by targeting the
embryonic eggshell with UV laser beam pulses.
Electron Tomography and 3D modeling
Sample preparation for electron tomography was performed by Thomas
Müller-Reichert (MPI-CBG), electron microscopy carried out by Thomas Müller-
Reichert and Quentin de Robillard (MPI-CBG) and the modeling of EM images
was done by Quentin de Robillard and Thomas Döbler (TU Dresden).
Sample preparation for electron tomography was carried out as follows:
isolated RNAi embryos were high-pressure frozen (Leica EMPACT2+RTS),
freeze-substituted (Leica EM AFS), and thin-layer embedded in Epon/Araldite
for serial sectioning. Electron tomography was performed on 300 nm plastic
sections with a TECNAI F30 intermediate-voltage microscope (FEI) operated
at 300 kV. Tomograms were computed and analyzed by using the IMOD
software package (O’Toole et al., 2003).
Table 6.  Antibodies used in this study
Antibody
name
Antigen for generation of the
antibody / Reference
Application
a-RSA-1 carboxyterminal pept ide plus
cysteine residue:
NH2-CAGFLSNSDDYMKYERREQ-COOH;
this study
immunofluorescence
at 3 mg/ml
western blotting at
0.3 mg / ml
immunoprecipitations
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a-RSA-2
(pep)
carboxyterminal pept ide plus
Cysteine residue:
H2N-CQMVLESEIDATVTDV-COOH;
this study
immunofluorescence
at 1 mg/ml
a-RSA-2
(M1522)
GST-RSA-2 (aa 1-714);
this study
western blotting at
0.3 mg / ml
a-g-tubulin carboxyterminal peptide
NH2-LDEYKAVVQKDYLTRGL-COOH;
Hannak et al., 2001
immunofluorescence
at 1 mg/ml
a-ZYG-9 carboxyterminal peptide;
Pichler et al., 2000
immunofluorescence
at 1 mg/ml
a-GFP 6-His-EGFP / Protein expression
facility, MPI-CBG
immunoprecipitations
a-SPD-5 GST-SPD-5  ( a a  392–550);
Dammermann et al., 2004)
immunofluorescence
at 1 mg/ml
a-TPXL-1 GST-TPXL-1 (aa 1-210); Ozlu et al.,
2005
immunofluorescence
at 1 mg/ml
western blotting at 1
mg / ml
immunoprecipitations
a-KLP-7 GST-KLP-7 (aa 14-190); Oegema et
al., 2001
immunofluorescence
at 1 mg/ml
Marked in boldface are cysteine residues introduced for coupling of peptides
to SulfoLink resin for purification of the antisera (see below).
Antibody production
The antibodies used in this study are listed in the table preceding this
paragraph. All antibodies were raised in rabbits, except the anti-GFP antibody,
which was raised in goat.
Purification of specific antibodies from the obtained sera was performed as
described in the following section. The RSA-1 antibody was directly labeled
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using Alexa Fluor 488 succinimidyl ester (Molecular Probes) according to the
manufacturer’s instructions.
Antigen and antibody purifications
1.        Peptide antibody purifications from rabbit serum
(anti-RSA-1 and anti-RSA-2(pep))
RSA-1 and RSA-2 peptide antibodies were affinity purified using a SulfoLink
(Pierce) column loaded with the immunogenic peptide via the added cysteine
residue. For preparing the antigen-column the peptide used for immunization
was dissolved to 1 mg/ml in coupling buffer (50 mM Tris, 5 mM EDTA, pH
8.5). One milliliter peptide solution per milliliter of gel used was prepared.
SulfoLink gel (Pierce) was equilibrated to room temperature and washed with
4 volumes of coupling buffer. The peptide solution was added; 1 ml of peptide
solution per ml of gel bed was used and the reaction mixed at room
temperature for 15 min, afterwards incubated for 30 min without mixing. The
column was washed with 3 column volumes of coupling buffer. Unoccupied
binding sites on the resin were blocked by applying 1 ml of a 50 mM L-
Cysteine-HCl solution (in coupling buffer) per ml of gel, incubation for 15 min
with mixing and 30 min without mixing at room temperature. The resin was
rinsed with at least 6 bed volumes of wash buffer (1M NaCl) and washed into
PBS. Beads were transfered to a column and pre-eluted by washing with 10
bed volumes of 0.1 M glycine pH 2.6, washing into 10 mM Tris pH 8, 10 bed-
volume washes with 0.1 M triethylamine pH 11.5 and again equilibration in 10
mM Tris pH 8. The column was then connected to a peristaltic pump and
washed into PBS.
The serum was thawed at 37 degrees, an equal volume of 2x PBS / 0.1%
NaN3 added and the mixture filtered with a Stericup (Millipore). A two-holed
lid was placed onto the Stericup, the peptide-column attached to the lid, a
glass capillary inserted into the other hole and the serum re-circulated over
night.
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For washing the peptide-antibody column, it was removed from the serum
bottle and rinsed with wash buffer (PBS, 0.5M NaCl, 0.1% Triton) for 1.5 to 2
hours (at least 100 column volumes). Afterwards, the column was washed
with PBS for 30 min and subsequently washed into 10 mM Tris pH 8.0 for 15
min. Fractionation tubes for acidic and basic elutions, containing 200 ml of 2M
Tris pH 8.0 were set up. For eluting bound antibodies from the column, first,
0.1 M glycine, pH 2.6 was flown in and fractions of about 1 to 1.2 ml were
collected. The column was neutralized by washing it with 10 mM Tris pH 8.0
until column effluent pH was about 8 as measured with pH paper. A second
round of elution was performed at basic pH using 0.1 M triethylamine, pH
11.5 as above. Finally, the column was washed into 10mM Tris pH 8.0, then
into PBS/ NaN3 for storage at 4 degrees.
Protein concentrations in the elution fractions were measured by a Bradford
assay. Peak fractions were pooled and dialyzed against PBS two times with a
Slide-A-Lyzer cassette (Pierce) at 4 degrees, then dialyzed for 3 to 4 hours
against PBS / 50% glycerol, aliquoted, snap-frozen and stored at –80 °C.
2.        Generation of the aRSA-2(M1522) fusion protein antibody
Expression and purification of GST / MBP-tagged proteins
The expression and purification of the fusion proteins used as antigens and
for purification of specific antibodies was performed by the protein expression
facility at MPI-CBG using the procedures detailed below.
2.1.1   Expression of recombinant proteins in E. coli
A pre-culture was grown by inoculating a single colony into 50 ml LB medium
supplemented with the appropriate antibiotic and 1 % w/v glucose and over
night incubation at 37°C.
The next day, the bacteria were pelleted and resuspended in 50 ml fresh
media of the same composition.
Twenty millliters of the resuspended culture were transferred into 500 ml LB
/ antibiotic and the culture was grown with vigorous shaking for
approximately 2 to 2.5 hours at 37°C until the OD600 reached 1. Five-hundred
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millliters of cold LB / Amp were then added to the culture and cells were left
shaking at 18°C for 30 minutes. Then IPTG was added to the previously
determined optimal concentration.
Cultures were induced at 18°C for 3 to 4 hours and afterwards spun down in a
JLA 8.1 rotor (Beckman), resuspended in 50 ml PBS and transferred to Falcon
tubes. Cultures were centrifuged again, pellets frozen in liquid nitrogen and
stored at -80°C.
2.1.2   Purification of GST fusion proteins, starting from frozen bacteria pellets
Per purification out of 1L bacteria culture, 160 mg of glutathione agarose
powder were used and swollen in sterile water over night at 4 °C.
Cell pellets were thawed on ice and resuspended in 2-5 ml lysis buffer (1x PBS,
5 mM EDTA, 5 mM EGTA, 0.5% Tween 20, 50-100 mM NaCl, 1 mM DTT, 10%
glycerol, 1 mM PMSF, 1 complete protease inhibitor tablet (Roche) per 25 ml,
lysozyme (Sigma) at 1 mg/ml) per gram weight and incubated on ice for 15 to
30 min. The suspension was sonicated on an ice-water bath using a Branson
Sonicator at 40% amplitude with 5 sec sonication, 55 sec break for 8 to 10
cycles. The crude extract was spun in a JA25.50 rotor, 20,000 g (15,000 rpm)
for 30 min at 4 °C.
The hydrated GSH resin was equilibrated by washing twice in column buffer
(1x PBS, 250 mM NaCl, 1 mM DTT, 0.05% Tween). The extract supernatant
was added to the equilibrated resin. The extract/resin tubes were incubated
with rotation at 4 °C for 1 to 1.5 hours. The resin was washed with column
buffer, two rinses with 10 ml column buffer containing protease inhibitors,
then an extended wash with 30ml column buffer / protease inhibitors for 10
min at 4 °C on a rotating wheel. The column was then incubated with column
buffer containing 5 mM ATP and 10 mM MgCl2 for 20 min at 4 °C on a rotating
wheel to release bound heat shock proteins, then washed again with 30-40 ml
column buffer without protease inhibitors.
For elution, the resin was transferred to a plastic column. The resin was
washed once more with 40 ml of detergent-containing then with 40 ml of
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detergent-free column buffer. One milliliter fractions were eluted from the
column using freshly prepared and chilled elution buffer (50 mM HEPES pH
8.0, 300 mM NaCl, 1 mM DTT, 10 mM reduced glutathione, pH 8.0). Protein
concentrations were determined with a Bradford assay (Biorad).
Purification of MBP fusion proteins was essentially performed identically. In
this case, amylose resin was used to bind the recombinant protein from
bacterial extracts and the protein was eluted using 10 mM maltose.
2.2  Coupling of Antigens to Pharmacia NHS-Activated HiTrap affinity
columns
Using a perilstatic pump, the tubing was rinsed with sterile water. An air
bubble was introduced in the tubing and the antigen solution was started to
flow up to the end of the tubing. Then the pump was stopped.
Using a syringe, the isopropanol was washed out of the column with 6
volumes of ice cold 1 mM HCl. The ligand solution was injected onto the
column immediately and the column sealed. The antigen solution was re-
circulated for 30 minutes at room temperature (all flow rates were 1.5
mL/min). Unoccupied binding sites on the column were blocked with blocking
buffer. The buffer was flown over the column for 4 minutes, the pump
stopped and left at room temperature for 30 minutes. The column was then
pre-eluted as described for the peptide antigen column. Serum purification
ensued identical to the procedure described for the peptide antibody
purification (see section 1.).
Large scale growth of C. elegans in liquid culture
1.        General procedure
 Liquid cultures of worms are seeded from NGM plates of bleached worms.
This gives an unsynchronized culture. After one generation these worms are
harvested and bleached. The eggs are allowed to hatch into medium without
food. The resulting starved L1s are used to seed a second liquid culture and
will develop into a population of synchronized worms.
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2.        Preparing the bacterial worm food
Approximately 12 liters of bacteria needed to be cultured for the worm
growth protocol described below (3 liters of worm culture).
A pre-culture of OP50 bacteria in LB was seeded and grown over night at
37°C. Twelve liters of Terrific Broth were inoculated from the pre-culture and
bacteria were grown over night at 37°C. 1 L centrifuge bottles were sterilized
by washing them with 70% ethanol and drying them in a laminar flow hood.
Bacteria were spun down in the sterilized 1 L centrifuge bottles, the pellets
were re-suspended in 10 to 12 ml Complete S Basal medium (100 mM NaCl,
50 mM Potassium phosphate buffer (pH 6.0), 0.005% Cholesterol, 10 mM
Potassium citrate (pH 6.0), 3 mM MgCl2, 3 mM CaCl2, 50 mg/l Nystatin, 50 mM
Disodium EDTA, 25 mM FeSO4, 10 mM MnCl2, 10 mM ZnSO4, 1 mM CuSO4) and
transferred to 50 ml Falcon tubes. These tubes were stored at –20°C or
immediately resuspended in the worm growth media.
3.        Worm culture
Large (8 cm) plates were seeded with 15 clean adult hermaphrodites, 3
plates were prepared for each liter of worm culture. Worms on plates were
grown until the bacterial food was almost exhausted. Then, worms were
washed off the plates using Complete S Basal, spun down at 300 g and
resuspended in a Fernbach flask containing 1 L of Complete S Basal. Five
grams of bacteria were added to each flask and worms were grown at 20°C
with vigorous shaking (about 220 rpm).
After 3.5 to 4 days, the next generation of worms had developed into mainly
gravid adults. The cultures where then harvested by letting them settle in
sterile 1 L glass cylinders for 4 hours to over night at 4°C. The growth
medium was decanted or aspirated off the loose worm pellet as thoroughly as
possible, the worms were then transferred to 50 ml Falcon tubes and washed
twice with cold M9 buffer (22 mM KH2PO4, 42 mM Na2HPO4, 86 mM NaCl,
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1mM MgSO4). Worm pellets were collated into two 50 ml Falcon tubes and
stored on ice.
The worm pellets from the previous step were brought to 20 ml with cold M9.
Fresh 2 x bleach solution (1 M NaOH, 8% NaOCl) was prepared and poured
into one of the two Falcon tube with worms in M9 to a volume of 40 ml. The
bleach solution with worms was vigorously mixed by shaking and vortexing
the tube horizontally. After 7 minutes at the latest, the bleach mixture was
distributed into two previously prepared conical tubes containing cold 30 ml
M9. The embryos were collected by spinning the tubes at 400 g in a Heraeus
clinical centrifuge, the supernatant was aspirated and embryos washed 4
times with ice cold M9. The embryos were pooled into one tube and stored on
ice. The bleaching and washing steps were then performed for the second
tube of worms.
The isolated embryos were washed into Complete S Basal supplemented with
antibiotics (Penicillin, Streptomycin). The embryos were re-suspended in 100
ml complete S basal supplemented with antibiotics in an Erlenmeyer flask and
left hatching over night at 20 °C with vigorous shaking. The next morning, a
small aliquot of the over night culture of starved L1’s was checked. If most of
the embryos had hatched, the culture was collected in 50 ml Falcon tubes.
The larvae were spun down and washed three times with sterile M9 to remove
Dauer pheromone. The larvae were transferred to a 15 ml conical tube and
the pellet volume estimated by comparing the pellet weight with the weight
of known volumes of water in a second 15 ml Falcon tube. The pellet was
resuspended to a total volume of 12 ml using sterile M9 and an aliquot
checked under the dissection scope in order to estimate the percentage of
L1s among dead embryos, leftover worm parts from the bleaching etc.
Fernbach flasks containing 1 L complete S basal and 5 g of bacterial food
were prepared and each flask was seeded with the equivalent of 50 ml pure L1
pellet. Flasks were incubated at 20°C with shaking at 220-230 rpm. Culture
growth was monitored by examining small aliquots of the culture under a
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microscope, and the worms were usually ready for harvesting 50 to 55 hours
after seeding.
The worms were harvested by centrifugation and washed into the extract
buffer for immunoprecipitations (see below). The worms were then drop
frozen in liquid nitrogen and stored at -80°C.
Co-Immunoprecipitations from C. elegans extracts
For RSA-1 co-immunoprecipitations, whole worm extracts of transgenic
worms expressing LAP::RSA-1 or embryo extracts of wild-type N2 worms for
IPs of endogenous RSA-1 were used. LAP::RSA-1 was precipitated using the
goat-anti-EGFP antibody (Protein expression and purification facility, MPI-CBG;
see antibody table). For controls, rabbit random IgG (dianova) was incubated
with extracts from LAP::RSA-1 or N2 worms or anti 6-His EGFP antibodies
were incubated with wild-type extracts. Mass spectrometric analysis of these
samples was performed using nanoLC-MS-MS by Natalie Wielsch from the
mass spectrometry group at MPI-CBG as described below.
For TPXL-1 co-IPs, anti-TPXL-1(aa 1-210) antibodies (Ozlu et al., 2005) and
1!ml of C. elegans embryo extract were used.
The procedures for these co-IP experiments are detailed below.
1.        Antibody column preparation
Approximately 100 m l Protein G / Protein A Sepharose slurry (50 ml settled
beads) were used per 100 m g of antibody to be coupled. Beads were
equilibrated in PBST (PBS, 0.1% Tween 20). The beads were re-suspended in
200 ml PBST, the antibody added and beads and antibody incubated for 1 hour
at room temperature on a rotating wheel. Beads were washed three times with
1 ml PBST, then twice in 1 ml of 0.2 M Sodium Borate (pH 9.0). To the re-
suspended beads in 1 ml of 0.2 M sodium borate (pH 9.0),
dimethylpimelimidate (DMPI) powder was added to a final concentration of 20
mM. The reaction was incubated for 30 minutes on a rotating wheel at room
temperature and subsequently stopped by washing the beads into 0.2 M
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Ethanolamine (pH 8.0). After two 1-ml-washes, beads were resuspended in 1
ml of 0.2 M ethanolamine (pH 8.0) and incubated for 2 hours to overnight on a
rotating wheel at room temperature. The beads were washed into PBST and
pre-eluted with 0.1M glycine (pH 2.6). Afterwards, the column was washed into
the extract buffer (H-100) or into PBST with 0.01% merthiolate for storage.
2.        Extract preparation
Approximately 1 gram of drop-frozen worm pellets per IP was used. The worm
pellet was thawed and one pellet volume of H-100Lysis (50 mM HEPES pH 7.4,
100 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 25 mM b-Glycerophosphate, Complete
EDTA-free protease inhibitor cocktail (Roche), 1 mM PMSF, 0.05% NP-40, 10%
glycerol, 1 mM DTT) added. The mixture was sonicated on an ice-water bath
using the Branson sonicator, at 45% to 55% output, 6 cycles of 10 seconds
sonication and 55 seconds pause. Worm lysis was examined using a DIC
microscope and more sonication cycles were performed if necessary.
After worm carcasses and embryos were broken up, the crude lysate was
distributed into ultracentrifuge tubes and spun at 16,500 g for 15 minutes.
The supernatant was transferred to fresh tubes and spun at 135,000 g for 30
minutes. The resulting high speed supernatant (HSS) was collected into a fresh
tube and used as input for the immunoprecipitation.
3.        Immunoprecipitation, washes and elution
For the RSA-1-GFP IPs, additional KCl was added to the HSS to a final
concentration of 250 mM and 300 mM, respectively. Equal volumes of HSS
were added to the antibody columns for IP and control. When N2 extract was
used as a control with anti-GFP antibodies, equal protein amounts were added
to both columns. Extracts were incubated with the antibodies for one hour in
the cold room. Beads were then spun down and supernatants collected. Beads
were three times washed in H-100Wash (50 mM HEPES pH 7.4, 100 - 300mM
KCl, 1 mM CaCl2, 1 mM MgCl2, 25 mM b-Glycerophosphate, 0.05% NP-40, 10%
glycerol, 1 mM DTT), then two more times in H-100 (50 mM HEPES pH 7.4,
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100 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 25 mM b-Glycerophosphate, 10%
glycerol, 1 mM DTT - no detergent, low salt).
After the final wash and pelleting of the beads, the buffer was removed and
one resin volume of 2x sample buffer (125 mM Tris pH 6.8, 4% SDS, 17.5%
glycerol) without DTT or b-Mercaptoethanol was added to the beads. The beads
were briefly boiled and spun down. The hot supernatant was removed,
complemented with DTT or b-Mercaptoethanol and used for loading on a gel for
MS or Western blot analysis.
Mass Spectrometry
The entire mass spectrometric analysis and protein identification was
performed by Natalie Wielsch (MPI-CBG).
1.        Sample Preparation
The entire lane of the Coomassie stained SDS-PAGE gel was cut into 14 slices,
which were separately digested in-gel by trypsin as described previously
(Shevchenko et al., 1996). Tryptic peptides were extracted from the gel matrix
with 5 % formic acid and acetonitrile; the extracts were pooled, dried in a
vacuum centrifuge and analyzed by nano LC MS/MS.
2.        Analysis by nanoLC-MS/MS
Tryptic digests were re-dissolved in 8 mL of 0.05 % TFA and 4 mL were
injected into a nanoLC MS/MS Ultimate system (Dionex, Amsterdam, The
Netherlands) interfaced on-line to a linear ion trap LTQ (ThermoElectron
Corp., San Jose, CA). Peptides were first loaded onto a 1 mm x 300 mm ID
trapping micro-column (Dionex) in 0.05 % TFA at the flow rate of 20 mL/min.
After 4 min wash they were back-flush eluted and separated on a 15 cm x 75
mm ID PepMap column (Dionex) at the flow rate of 200 nL/min using the
following mobile phase gradient: from 0 to 20 % B in 20 min, from 20 – 50 %
B in 15 min and from 50 – 100 % B in 5 min. Solvent A was 95:5 H2O :
acetonitrile (v/v) with 0.1 % formic acid; solvent B was 20:80 H2O :
acetonitrile (v/v) with 0.1 % formic acid. Peptides were eluted into the mass
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spectrometer via a dynamic nanospray probe (Thermo Electron Corp.) using a
silicatipTM uncoated needle (20 mm ID, 10 mm tip ID, New Objective, Woburn,
MA). The mass spectrometer operated in a data-dependent MS/MS mode over
350 – 1650 m/z range, controlled by Xcalibur 1.4 software (ThermoElectron
Corp). Collision-induced dissociation was performed on five most intensive
ions using dynamic exclusion.
3.        Protein Identification by Mascot Database Searches
Tandem mass spectra were searched against a subset of C. elegans proteins
in the MSDB database (updated May 15, 2005; 30,304 C. elegans protein
sequence entries) by Mascot v. 2.1 software (Matrix Science Ltd., London,
UK) installed on a local server. Mass tolerance for precursor and fragment ions
was 2.0 and 0.5 Da, respectively; instrument profile: ESI-Trap; fixed
modification: carbamidomethyl (cysteine); variable modification: oxidation
(methionine). Proteins were considered positively identified if the protein was
hit by at least 3 peptides, whose peptide ion scores exceeded the threshold
of statistical confidence suggested by Mascot for the C. elegans protein
database under p<0.05. Hits with fewer matched peptides were accepted
only if their peptide ion scores were higher than the threshold suggested by
Mascot for searches against a comprehensive (all species) database.
Western Blotting
Extracts for Western blotting were prepared by picking worms into an M9
filled tube, washing worms 3 times with 1 ml of M9, subsequent snap-freezing
in liquid nitrogen, addition of SDS sample buffer to the thawed worms and
lysis in a sonicating waterbath at 80°C. The samples were run on pre-cast
NuPage Tris-Glycine gels (Invitrogen) and proteins were transferred onto a
nitrocellulose membrane (Millipore) using a custom-made wet-blotting
chamber (EMBL). 100% input corresponded to four worms for the RSA-1 and
RSA-2 Western blots.
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Immunofluorescence
For immunofluoresence experiments, about 20 to 30 gravid wild-type or RNAi
injected worms were placed in a 4 ml water droplet on a poly-lysine coated
slide (Sigma). Worms were either quickly dissected using needles to release
the embryos before putting a coverslip on top or a coverslip was placed onto
the worms and the eggs were squeezed out of the hermaphrodites by gentle
pressure applied onto the coverslip with a pipet tip. The slides were then
snap-frozen in liquid nitrogen. Using a razor blade, the coverslips were flicked
off the frozen slides to crack the embryonic egg shells, and the slides were
immediately immersed in cold (-20°C) methanol. After a 20-minute-incubation
in methanol at -20°C, the slides were re-hydrated by a short immersion in PBS
and afterwards incubated in PBS supplemented with 0.05% Tween 20 for 10
minutes. The slides were blocked by incubation in AbDil (PBS, 0.05% Tween
20, 2% BSA) for 20 minutes. The slides were then incubated with the rabbit
primary antibody (centrosomal protein) either unlabeled or directly labeled
and usually the anti-a-tubulin antibody DM1a (Sigma) for either one hour at
room temperature or over night at 4°C. Antibodies were diluted in AbDil.
DM1a was used at a 1:500 dilution. Slides were washed in PBS / 0.05%
Tween 20 and unlabeled antibodies were detected using anti-rabbit or anti-
mouse antibodies conjugated with Texas Red, FITC or Cy5 dyes (Jackson). For
stainings with two different rabbit-derived antibodies, one of the antibodies
was “converted” to a goat antibody by incubating with a goat-anti-rabbit Fab
fragment (dianova) at 5 m g/ml and a dye-coupled anti-goat secondary
antibody was used. For RSA-1 / RSA-2 co-stainings, the Alexa 488
conjugated anti-RSA-1 antibody was used for labeling RSA-1. After the final
wash, the slides were mounted in 0.5% p-phenylenediamine, 20 mM Tris-HCl
(pH 8.8), 90% glycerol and 1 mg/ml Hoechst 33258 dye for visualizing the
DNA. The coverslips were sealed using nail polish.
Z-stacks through the embryo-volume containing centrosomal staining were
acquired using a wide-field Delta Vision microscope (Applied Precision)
79
equipped with a 100x, 1.4 NA Planapochromat lens. The stacks were
computationally projected and deconvolved using SoftWorx (Applied
Precision).
Yeast-two-hybrid analysis
For yeast two-hybrid assays, the Proquest Two-Hybrid System with Gateway
Technology (Invitrogen) was used according to the manufacturer’s
instructions.  The host strain for the analysis was MAV203 (MATa, leu2-
3,112, trp1-901, his3D200, ade2-101, gal4D, gal80D, SPAL10::URA3,
GAL1::lacZ, HIS3UAS GAL1::HIS3@LYS2, can1R, cyh2R).
A vector encoding RSA-2 fused to the DNA binding domain (BD) of the GAL4
transcription factor was co-transformed with a cDNA library of C. elegans
young adults fused to the GAL4 activating domain (AD). Complex formation
was detected by activation of the lacZ reporter gene in a b-galactosidase
assay and growth on plates lacking either histidine (figure 18) or uracil (not
shown).
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7. Appendix
7.1 Abbreviations
DIC Differential interference contrast
dsRNA Double-stranded RNA
EM Electron microscopy
GFP Green fluorescent protein
GST Glutathione S-Transferase
MAP Microtubule associated protein
NEBD Nuclear envelope breakdown
PCM Pericentriolar material
PBS Phosphate-buffered saline
PP2A Protein Phosphatase 2A
RNAi RNA-mediated interference
SEM Standard error of the mean
UV Ultraviolet
WT Wild type
YFP Yellow fluorescent protein
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7.2 Legends for movies and tables provided with the enclosed
CD
(A) Movies
Movie 1 .  rsa-1(RNAi) and rsa-2(RNAi) embryos display collapsing spindle
poles at the time of nuclear envelope breakdown and reduced microtubule
levels.
Wild-type (WT), rsa-1(RNAi), and rsa-2(RNAi) embryos expressing GFP::b-
tubulin are shown around the time of spindle formation. Stacks were recorded
as in figure 3A and images were acquired every 10 seconds.
Movie 2. Microtubule outgrowth from centrosomes is severely compromised
in rsa-1(RNAi) embryos and can be rescued by co-depletion of KLP-7.
Wild-type (WT), rsa-1(RNAi), klp-7(RNAi) and rsa-1(RNAi); klp-7(RNAi) C.
elegans embryos expressing the marker of growing microtubule plus ends
EBP-2::GFP were recorded as described in Srayko et al., 2005. Each movie is
80 frames; 400 ms per frame.
Movie 3. The microtubule reduction in rsa-1(RNAi) can be rescued by co-
depletion of KLP-7.
Wild-type (WT), klp-7(RNAi), rsa-1(RNAi) and rsa-1(RNAi); klp-7(RNAi)
embryos expressing GFP::b-tubulin are shown. Stacks were recorded as
described for figure 6A and images were acquired every 10 seconds.
Movie 4. The centrosomal amounts of KLP-7 are increased in rsa-1(RNAi).
A wild-type (WT) and a rsa-1(RNAi) embryo expressing GFP::KLP-7 are shown.
Recordings were performed as described for figure 7A. Images were acquired
every 10 seconds.
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Movie 5. Centrosomal TPXL-1 amounts are reduced in rsa-1(RNAi)
Paired stacks of fluorescence and DIC images of wild-type (WT), rsa-1(RNAi)
and rsa-1(RNAi); klp-7(RNAi) embryos expressing TPXL-1::GFP are shown.
Recordings were performed as described for figure 8A, images were acquired
every 10 seconds.
Movie 6 .  Centrosomal localization of the PP2A catalytic subunit LET-92
depends on RSA-1.
Wild-type (WT) and rsa-1(RNAi) embryos expressing GFP-tagged LET-92,
recorded as in figure 13A, are shown. Images were acquired every 10
seconds.
Movie 7. Centrosomal localization of the PP2A scaffolding subunit PAA-1
depends on RSA-1.
Wild-type (WT) and rsa-1(RNAi) embryos expressing GFP-tagged PAA-1,
recorded as in figure 13B, are shown. Images were acquired every 10
seconds.
Movies 8 and 9. Centrosomes fail to separate prior to spindle assembly and
microtubule amounts are normal upon depletion of the PP2A B subunit SUR-6.
The movies show embryos expressing GFP::b-tubulin, depleted of SUR-6
(movie 9) and a wild-type embryo acquired under the same conditions (movie
8). Images were acquired every 10 seconds.
Movie 10 .  The PP2A catalytic subunit LET-92 is required for normal
centrosomal microtubule amounts and cell cycle progression in the early
C.!elegans embryo
An embryo depleted of the PP2A catalytic subunit LET-92 and expressing
GFP::b-tubulin as described in figure 15A is shown. No clear reference point
for comparison to wild-type embryos could be defined, therefore only the
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absolute time of the recording is indicated. Images were acquired every 10
seconds.
Movie 11. The PP2A inhibitor Calyculin A leads to loss of microtubules from
C. elegans embryo centrosomes
Embryos expressing YFP::a-tubulin mounted with either DMSO only (Control)
or Calyculin A from a DMSO stock are shown. One image of a-tubulin before
the laser mediated eggshell permeabilization and one image highlighting the
eggshell perforation in DIC optics are shown in the beginning. Afterwards,
progression through the first cell division in the absence (control) or presence
(Calyculin A) of the drug are shown. Time points indicated are after eggshell
perforation and switching to fluorescence optics. Images were acquired every
second as described in figure 15B.
Movie 12. Microtubule reduction in rsa-2(RNAi) can also be rescued by co-
depletion of KLP-7
Wild-type (WT), rsa-2(RNAi) and rsa-2(RNAi); klp-7(RNAi) embryos expressing
GFP::b-tubulin are shown. Stacks were recorded as described for figure 17B
and images were acquired every 10 seconds.
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(B) Immunoprecipitation results
Table 7. List of all identified proteins for the immunoprecipitation from wild-
type C. elegans embryo extracts using the anti-RSA-1 peptide antibody.
The eluate of the anti-RSA-1 IP was separated by SDS PAGE. The complete
lane was excised, and analyzed by nanoLC-MS/MS as described in the
Materials and Methods section. All the proteins identified in a certain
molecular-weight region (sample number), the predicted molecular weight for
each protein and the number of peptides detected for each protein are listed.
Table 8. / Table 9. List of all identified proteins for immunoprecipitations
using the anti-GFP antibody from extracts of GFP::RSA-1 expressing
C.!elegans.
The two experiments summarized in table 8 and table 9 were done identically
apart from the following two modifications: The salt concentration for
incubation of the extract with the antibodies and for the bead washes was
altered (300 mM KCl for the first IP, table 8; 250 mM KCl for the second IP,
table 9) and different controls were performed for each experiment:
GFP::RSA-1 extract was incubated with rabbit random IgGs for the experiment
listed in table 8, and anti-GFP antibodies were incubated with wild-type
extracts as control for the experiment displayed in table 9. The eluates for
the anti-GFP IPs and the control IPs were separated by SDS PAGE, whole lanes
excised, analyzed by nanoLC-MS/MS, and corresponding molecular weight
regions compared as described in the Materials and Methods section.
All the proteins identified in a certain molecular-weight region (sample
number), the predicted molecular weight for each protein and the number of
peptides detected for each protein are listed.
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